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This  final  report  on  IIT  Research  Institute  Project  J6144, 
Contract  DAHC-68-C-0126 ,  OCD  Work  Unit  1614D,  entitled  "Civil 
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A.  Longinow,  A.  J.  Kalinowski,  C.  A.  Kot  and  F.  Salzberg.  It 
was  monitored  by  Mr.  C.  D.  Kepple  of  the  Shelter  Research 
Division,  Office  of  Civil  Defense. 
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ABSTRACT 


The  ability  of  specific  shelter  structures  to  provide  pro¬ 
tection  for  personnel  subjected  to  nuclear  weapon  environments 
is  investigated  and  respective  sheltering  costs  are  estimated. 
Specific  structures  considered  and  costs  for  several  defined 
sheltering  options  are  given,  and  the  capability  of  these 
shelters  in  providing  protection  relative  to  a  range  of  weapon 
environments  is  presented.  The  bases  for  these  predictions 
are  described. 
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CHAPTER  TWO 


ANALYSIS  OF  STRUCTURAL  BEHAVIOR 

An  exact  solution  for  the  response  of  a  structure  to  dynam¬ 
ic  loads  is  a  practical  possibility  only  when  the  structure  in 
question  is  sufficiently  simple  and  when  the  overpressure 
loading-time  variation  is  a  known  mathematical  function.  Actual 
structures  and  loadings  ordinarily  do  not  satisfy  these  condi¬ 
tions.  For  this  reason,  it  is  necessary  in  such  cases  to  ideal¬ 
ize  both  the  structure  and  the  loading.  Structural  idealization 
is  performed  by  considering  only  the  dominant  modes  of  response. 
Very  often,  only  the  first  mode  need  be  considered  and  the  struc¬ 
ture  may  then  be  represented  by  an  equivalent  single  degree-of- 
freedom  system. 

In  the  analysis  of  blast  resistant  structures  we  are  ordi¬ 
narily  interested  in  deflections  and  their  relationship  to  the 
primary  stresses  in  the  structure.  It  is  necessary  thus  to 
select  the  equivalent  system  such  that  the  deflections  of  the 
concentrated  masses  are  identical  with  those  of  certain  points 
on  the  actual  structure.  The  resulting  deflections  may  then 
be  related  to  stresses.  The  magnitude  of  error  in  such  an  anal¬ 
ysis  is  in  the  amount  which  would  have  been  contributed  by  the 
neglected  modes.  For  most  cases  of  practical  interest,  one 
mode  predominates  and  reasonably  accurate  results  may  be  ob¬ 
tained  by  considering  only  this  mode. 

In  idealizing  dynamic  loads  two  simplifications  are  ordi¬ 
narily  considered.  The  first  involves  the  geometric  distribu¬ 
tion  of  the  load  on  the  structure;  the  second  involves  the  load 
time  variation.  If  in  the  idealized  structure,  the  mass  of  the 
system  is  concentrated  only  at  certain  points,  then  modified  load 
magnitudes  need  to  be  applied  at  these  points.  The  general  form 
of  the  dynamic  analysis  (Ref.  13)  performed  on  the  subject  shel¬ 
ters  is  described  in  relation  to  a  rectangular  shelter,  however, 
the  formulation  is  general  enough  to  be  applicable  to  any  rea¬ 
sonable  structural  system. 


The  shelter  shown  in  Fig.  2.1a  is  a  buried  structure  subject 
to  uniform,  time  dependent  loading  (Fig.  21b)  over  the  surface  of 
the  ground.  The  static  load  deflection  relationship  (resistance 
function)  for  the  point  at  the  center  of  the  roof  slab  is  shown 
in  Fig.  2.1c.  Such  a  relationship  is  a  function  of  the  spacial 
distribution  of  load  over  the  surface  of  the  ground,  the  type  of 
soil,  depth  of  burial,  and  geometric,  material  and  structural 
properties  of  the  shelter.  The  equivalent  structural  system  is 
shown  in  Fig.  2. Id  and  is  selected  such  that  the  concentrated 
mass  deflection  is  at  all  times  equal  to  the  midspan  deflection 
of  the  slab.  This  may  be  accomplished  (neglecting  higher  modes) 
by  obtaining  a  relationship  between  equivalent  structure  param¬ 
eters  pe  (load)  ,  me  (mass)  and  kg  (stiffness)  for  a  single  degree- 
of-freedom  and  the  actual  structure  parameters  p(t) ,  m  and  V 
(Ref.  13)  . 

The  procedure  used  involves  an  assumed  deflected  shape  cor¬ 
responding  to  the  dominant  mode.  This  establishes  a  relationship 
between  the  deflections  of  all  points  on  the  structural  element 
which  is  constant  with  time  and  makes  possible  the  representation 
of  the  structural  element  by  an  equivalent  system  having  one 
degree-of- freedom.  Factors  which  transform  the  actual  parameters 
d ( t )  ,  m  and  k  to  the  equivalent  ones  (pe,  mp ,  kg)  are  relaLed  and 
obtained  as  described  herein. 

Pe(t)  -  Kl  p(t)  (2  1) 

The  lead  transformation  factor  is  determined  by  equating  the 
external  work  done  by  p£(t)  on  the  equivalent  system  to  that  done 
by  p(t)  on  the  actual  system.  The  time  variation  in  both  cases 
is  the  same. 

“e  *  Km  m  <2  2) 

The  mass  transformation  factor  Km  is  determined  by  equating  the 
kinetic  energies  of  the  real  and  equivalent  systems. 

Re  -  Kr  R  (2  1) 
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(d)  Equivalent  Structure  and  Loading 


Fig.  2.1  CHARACTERISTICS  OF  AN  IDEALIZED  SHELTER  STRUCTURE 
WITH  LOADING 
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The  resistance,  R,  of  an  element  is  the  internal  force  tending  to 
restore  the  element  to  its  equilibrium  position  (Fig.  2.1c).  At 
a  given  deflection  the  resistance  is  defined  as  being  numerically 
equal  to  the  static  load  required  to  produce  the  same  deflection 
The  maximum  resistance  then  is  the  maximum  load  that  the  element 
can  carry  and  is  computed  using  ultimate  strength  criteria.  The 
resistance  transformation  factor,  Kr ,  is  obtained  by  equating 
the  internal  energies  of  the  tuo  systems.  On  this  basis  K.  = K  , 

Li  IT 

The  spring  constant  of  the  actual  system  is  defined  as  the 
static  load  required  to  produce  a  unit  deflection.  Deflections 
of  the  actual  and  equivalent  system  are  equal.  The  spring  con¬ 
stant  of  the  equivalent  system  is  obtained  from 

k  -  K  k  (2.4) 

e  r 


where  k  is  the  stiffness  (spring  constant)  of  the  actual  system. 

Having  defined  the  transformation  factors,  the  equivalent 
system  may  be  analyzed.  This  is  done  by  solving  the  correspond¬ 
ing  equation  of  motion  using  the  transformed  parameters.  The 
basic  equation  of  motion  of  the  equivalent  single  degree- of- freedom 
system  is 


m 


e  ^“7  -  Pe(c) 
e  dt/.  e 


Re(x). 


(2.5) 


Replacing  the  equivalent  terms  m£ ,  pg ,  Rp  with  Eqs.  (2.1)  through 
(2.3)  we  obtain 


7F~  m  ^-4  =  P(t)  -  R(x) . 
KL  dt^ 


(2-6) 


Thus  given  a  structural  element,  its  characteristic  resis¬ 
tance  function,  a  loading  function  and  appropriate  transformation 
parameters  and  Km,  the  solution  of  Eq .  (2.6)  enables  us  to 
predict  deflection  (and  consequently  stress  and  strain)  at  any 
time  during  the  loading  history.  Further,  this  information  allows 
us  to  make  judgments  as  to  the  physical  state  of  the  structural 
member  in  question  by  means  of  comparisons  with  existing  experi  ¬ 
mental  data. 
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The  analysis  approach  described  was  programmed  for  electron¬ 
ic  computation  and  used  to  analyze  the  subject  shelters.  Essen¬ 
tially  this  is  a  numerical  procedure  which  is  capable  of  solving 
Eq.  (2.6)  for  any  given  loading  and  arbitrary  resistance  function. 
Since  this  equation  is  basic  to  numerous  structures  which  may  be 
represented  by  a  single  degree-of-freedom,  the  procedure  devel¬ 
oped  is  capable  of  analyzing  any  such  structure  provided  the  re¬ 
sistance  function  is  known.  Full  range  resistance  functions  for 
structures  more  complex  than  a  beam,  a  plate  or  an  arch  are  not 
readily  available.  For  this  reason  each  shelter  was  analyzed 
using  a  step-by-step  process  which  first  determines  the  response 
(physical  state)  of  individual  key  components.  Judgments  as  to 
the  physical  state  of  the  structure  as  a  whole  are  then  based 
on  the  relative  physical  states  of  such  components. 

The  objective  of  the  analyses  performed  was  to  establish 
for  each  shelter  considered: 

the  overpressure  level  at  which  the  shelter  is 
in  a  state  of  incipient  failure,  and 

the  overpressure  level  at  which  the  structure 
has  lost  its  entire  sheltering  capability 
(catastrophic  collapse) . 

Physical  states  prior  to  the  state  of  incipient  failure,  over¬ 
pressure  level  (Fig.  2.2),  are  of  no  interest  since  relevant 
injury  producing  mechanisms  are  not  expected  to  be  manifest  with¬ 
in  the  shelter.  We  postulate  100  percent  survivors  prior  to  in¬ 
cipient  failure.  The  overpressure  level  at  which  the  structure 
has  lost  its  sheltering  capability  (overpressure  level  Pg)  is 
defined  as  the  state  at  which  no  survivors  (both  instantaneously 
and  over  longer  periods  of  time)  are  expected. 

The  range  between  these  two  overpressure  levels  is  one  of 
relevant  injury  producing  mechanisms  and  the  transition  can  take 
on  different  forms.  We  know  that  survivability  (percent  survi¬ 
vors)  declines  between  these  two  points;  being  maximum  at  over¬ 
pressure  level  P^  and  minimum  at  overpressure  level  Pg. 
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The  manner  of  transition  is  not  known  and  does  not  lend  itself 
to  analysis  within  the  current  state  of  the  art.  We  postulate 
a  linear  transition  between  the  two  points. 

Computational  methods  used  to  determine  and  Pg  for  the 
rectangular  and  arch  type  shelters  are  different  at  the  detailed 
level  of  analysis.  This  difference  is  due  to  dissimilarities  in 
the  structural  configurations  and  the  way  in  which  soil-structure 
interaction  takes  part  in  each  case.  Consequently,  the  analysis 
of  each  structural  type  is  presented  separately. 

2.1  ANALYSIS  OF  RECTANGULAR  SHELTERS 

The  specific  rectangular  shelters  considered  include  both 
single-  and  dual-purpose  types  and  are  described  in  Appendix  A. 
Single-purpose  shelters  include  four  structures  with  identical 
structural  systems  except  that  each  was  designed  (Ref.  14)  to 
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resist  a  different  overpressure  level  (0  ,  10,  2C  and  30  psi) 
and  associated  effects  resulting  from  a  single  megaton  range 
weapon . 

These  shelters  are  mounded  RC  structures  whose  interior 
and  exterior  walls  form  a  rectangular  grid  when  viewed  in  plan. 

A  typical  shelter  is  illustrated  in  Fig.  2.3.  The  roof  is  a 
two-way  RC  slab  which  is  continuous  over  the  interior  walls. 
Exterior  and  interior  walls  are  one-way  RC  slabs  which  rest 
on  wall  footings.  The  floor  slab  is  wire  mesh  reinforced  and 
is  structurally  separate  from  all  shelter  components.  The 
entranceway  (shown  in  Appendix  A)  is  a  corrugated  steel  tunnel 
containing  bulkheads  and  blast  doors.  Shelters  are  mounded  using 
a  4  to  1  slope  which  is  sufficiently  gentle  to  preclude  signifi¬ 
cant  dynamic  and  reflected  pressures  acting  on  the  structure. 


This  is  used  to  indicate  fallout  radiation  as  the  primary 
design  weapon  environment. 
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Dual-puroose  shelters  analyzed  herein  include  two  use  classes, 
i.e.,  schools  and  parking  garages.  Six  school  shelters  are  ana  - 
lyzed  which  may  be  divided  into  two  categories  with  respect  to 
size  (5500  and  11000  sq  ft  of  floor  area)  and  three  categories 
with  respect  to  design  weapon  environments  (5,  25  and  50  psi 
design  overpressure  levels  and  associated  effects  resulting  from 
a  single  megaton  range  weapon) . 

School  shelters  (Ref. 15)  are  basement  structures  (see  Fig. 

2.4)  having  identical  structural  systems.  The  structural  system 
consists  of  two-way  RC  roof  slabs  (at  grade)  which  are  continu¬ 
ous  over  interior  partitions.  External  walls  and  interior  par¬ 
titions  are  one-way  RC  slabs  (constructed  as  tilt-up  walls) 
supported  on  wall  footings.  The  basement  floor  slab (wire  mesh 
reinforced)  is  structurally  separate  from  walls  and  footings. 

Three  parking  garage  shelters  (Ref. 16)  are  considered.  Each 
was  designed  to  resist  a  different  weapon  environment  resulting 
from  a  single  megaton  range  weapon.  The  three  design  weapon  en¬ 
vironments  consist  of  5,  25  and  50  psi  overpressure  levels  and 
associated  effects  of  thermal  and  prompt  nuclear  radiation.  Each 
of  the  shelters  is  a  below  grade  structure  (see  Fig.  2.5)  and 
contains  50,000  sq  ft  of  floor  area.  The  structural  system  con¬ 
sists  of  a  flat  slab  supported  by  columns  (with  column  capitol 
and  drop  panels)  and  peripheral  walls.  The  peripheral  walls 
(constructed  as  tilt-up  walls)  are  one-way  RC  slabs  supported 
by  wall  footings.  Columns  rest  on  individual  footings.  The  in¬ 
terior  floor  slab  (wire  mesh  reinforced)  is  structurally  sepa¬ 
rate  from  walls,  columns  and  footings. 

2.1.1  Analytical  Model 

The  rectangular  structures  described  consist  of  an  inter¬ 
connecting  network  of  slabs  in  the  first  case  and  slabs  and 
columns  in  the  second  case.  When  loaded,  the  internal  force  and 
moment  distributions  throughout  each  component  in  the  network 
are  coupled,  i.e.,  statically  indeterminate.  Although  it  is 
possible  to  solve  the  complete  interaction  problem  by  considering 
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Fig.  2.5  SECTION  THROUGH  TYPICAL  PARKING  GARAGE  SHELTER 


all  components  in  the  network  simultaneously,  the  level  of  ef¬ 
fort  demanded  for  this  approach  is  beyond  the  scope  of  this  study. 
Instead,  we  uncouple  the  network  by  making  certain  simplifying 
assumptions  regarding  the  restraint  conditions  at  the  junction 
points  of  each  component.  Upon  decomposing  the  system  into  a 
series  of  smaller  systems  in  the  manner  described,  each  component 
can  be  analyzed  as  a  separate  unit  and  the  weakest  link  in  each 
chain  found. 

2.1.2  Loading  (Closed  Shelter) 


Roof  Slab. --Rectangular  structures  considered  herein  have 
roof  slabs  either  at  grade  or  slightly  below.  For  those  at  grade, 
the  overpressure  is  applied  directly  to  the  surface  of  the  roof 
slab.  For  those  slighr.ly  buried,  the  loading  is  the  same  except 
that  the  deadweight  of  the  soil  contributes  to  part  of  the  load¬ 
ing.  The  spacial  pressure  distribution  is  assumed  to  be  uniform. 
This  assumption  is  reasonable  when  the  time  it  takes  the  over¬ 


pressure  wave  front  to  engulf  the  slab  is  small  compared  to  the 
period  of  the  lowest  natural  frequency  of  the  slab.  In  such  a 
case,  the  slab  does  not  have  sufficient  time  to  respond  to  the 
asymmetric  loading  that  it  experiences  as  the  wave  travels  by. 
Instead,  the  slab  responds  to  the  nearly  uniform  pressure  dis¬ 
tribution  it  expediences,  after  the  wave  front  has  traversed  the. 
length  of  the  slab.  For  the  range  of  weapon  sizes  considered 
(0.2,  0.4,  1.0  and  10.0  MT)  the  decay  of  overpressure  over  the 
particular  slab  lengths  is  sufficiently  small  to  make  the  uni¬ 
form  pressure  assumption  reasonable. 


External  Walls. --The  loading  on  the  external  walls  is  due 
to  a  combination  of  both  the  overpressure  loading  and  the  lateral 
side  pressure  resulting  from  the  deadweight  of  the  soil.  The 
overpressure  loading  in  the  lateral  direction  is  difficult  to 
predict  due  to  the  complex  nature  of  the  actual  soil-structure 
interaction  relationship.  We  take  the  usual  approximating  ap¬ 
proach  (Ref.  10,17)  for  determining  this  loading  by  assuming  that 
it  depends  on  the  specific  soil  and  is  a  fraction  of  the  surface 
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overpressure.  Further,  the  net  mass  of  the  wall  slab  is  taken  to 
be  its  actual  mass  plus  an  additional  portion  of  the  neighboring 
soil  mass.  The  volume  of  this  additional  mass  is  usually  assumed 
(Ref. 17)  to  be  equal  to  the  slab  area  times  on§-half  the  slab 
depth.  Wall  loading  is  illustrated  in  Fig.  2.6. 

Footings . --Once  the  solution  to  the  roof  slab  problem  has 
been  established,  the  resulting  vertical  shear  forces  at  the  slab 
supports  (the  walls  are  actually  the  supports)  are  known.  These 
values  are  then  assumed  to  be  transmitted  through  the  walls  into 
the  footings. 

2.1.3  Loading  (Open  Shelter) 

Roof  Slabs  and  External  Walls .--When  blast  doors  are  open 
or  left  off,  the  loading  of  the  shelter  is  considerably  different 
than  when  blast  doors  are  closed.  As  the  blast  pressure  wave 
Pi„(t,3E>  (expressed  in  terms  of  time  and  space)  enters  the  shelter 
it  tends  to  balance  the  external  pressure  P  (t,x)  acting  on  the 
outside  surface  of  the  shelter.  The  net  pressure  at  some  point  x 
on  the  surface  of  an  interior  wall  or  roof  slabs  is  therefore 
given  by 

AP(t,x)  -  Pex(t,x)  -  P.n(t,x)  (2.7) 

Computations  of  Pgx  and  P^n  have  been  made  for  a  whole  range 
of  overpressure  levels,  time  durations  and  shelter  volume  to  en¬ 
trance  area  ratios  and  are  included  in  Chapter  Four,  The  results 
of  these  computations  indicate  that  in  all  cases  of  practical  im¬ 
portance,  the  pressure  differential,  AP,  is  very  nearly  equal  to 
the  external  pressure  for  the  early  time  duration,  AT  .  The  in¬ 
ternal  fill  pressure,  P^n,  is  initially  very  small  in  the  dura¬ 
tion  ATc;  consequently,  for  all  practical  purposes,  AP  can  be 
approximated  with  P  over  this  interval.  For  the  range  of  struc- 
tures  we  are  considering  in  this  study,  the  period  of  the  lowest 
natural  frequency  of  the  roof  slab  (or  external  wall),  T  ,  is  of 
the  order  or  smaller  than  ATC>  Consequently,  the  slab  will  fully 
respond  (i.e.,  reach  its  maximum  stress)  to  the  AP  ~ P  pressure, 

6  X 
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^  Portion  of  soil  mass 
assumed  to  respond 
with  wall 


P1  V  I  lateral  (deadweight)  soil  pressure 

,  v  i  on  vertical  wall  (7„  =  soil  density) 

P2=Ys(t+a)J  vs 

ko  =  lateral  blast  induced  wall  pressure 
o 

k  =  coefficient  of  lateral  pressure 
pn  (net  wall  pressure)  =  kpQ  +  pav 

pav  '  I(pl+t>2)  ‘  T(a+2C)  A 

me  (equivalent  unit  wall  mass)  =  ^(ays+2Dw7c) 

A  =  wall  area 
w 

7c  =  wall  density 
g  =  acceleration  due  to  gravity 
t  =  average  depth  of  burial 


Fig.  2.6  EXTERNAL  WALL  LOADING 


before  it  has  a  chance  to  be  relieved  by  the  balancing  effect  of 
^in*  Hence  for  the  time  duration  of  interest*  AT,,  the  loading 

on  the  external  walls  or  roof  slabs  will  be  essentially  the  same 

« 

regardless  of  whether  the  blast  doors  are  open  or  closed,  and 
consequently  the  roof  or  wall  slab  failure  pressure  is  taken 
to  be  the  same  for  either  situation. 

Internal  Walls. — The  transverse  pressure  differential  across 
the  internal  walls  of  the  basement  rooms  is  the  most  difficult 
loading  to  estimate,  mainly  because  of  the  complex  geometrical  path 
the  pressure  wave  must  traverse  before  coming  in  contact  with  the 
wall.  For  example,  in  the  basement  school  shelters  (see  Fig.  A. 14, 
Appendix  A)  the  overpressure  wave  must  first  travel  down  a  stair¬ 
well,  through  a  blast  door,  down  a  narrow  passageway,  make  a 
90  deg  right  tarn  through  another  blast  door  and  finally  down 
a  narrow  hallway  before  exerting  any  pressure  loading  on  an  in¬ 
ternal  wall  of  the  structure.  At  the  instant  the  pressure  wave 
reaches  the  entrance  to  the  basement  room,  the  pressure  differ¬ 
ential  AP  across  the  internal  wall  exposed  to  the  hallway  is 
the  difference  between  the  hall  pressure  and  the  existing 
atmospheric  pressure  Pr  within  the  room.  Although  this  AP  will 
be  rather  large  initially,  the  pressure  wave  will  rapidly  fill 
the  room  and  eventually  tend  to  equalize  with  the  hallway  pres¬ 
sure  (AP  -  0)  in  the  time,  t^^.  The  determination  of  the  actual 
pressure  differential  as  a  function  of  time  is  an  extremely  diffi¬ 
cult  problem' in  gas  dynamics.  The  problem  is  complicated  by  the 
fact  that  the  aboveground  overpressure  time  variation  is  both 
reduced  in  magnitude  and  distorted  in  waveform  as  a  result  of 
passing  through  the  mentioned  channels  and  orifices  before  enter¬ 
ing  the  basement  room.  In  short,  we  are  not  able  to  obtain  a 
reliable  estimate  of  the  internal  wall  pressure  differentials 
within  the  capabilities  of  our  current  analytical  techniques. 

Because  we  cannot  determine  the  loading  accurately,  we  of 
course,  cannot  define  the  actual  overpressure  at  which  the  internal 
wall  will  fail.  What  we  can  predict  however,  is  the  ultimate  AP 
that  will  fail  the  wall  based  on  an  assumed  flat-top  pressure  dif¬ 
ferential  pulse  shape. 


It  was  found  that  for  the  basement  shelters  treated  in  this 
study  the  failure  (initial  yielding)  overpressure  was  on  the  order 
of  2  to  3  psi.  This  is  for  6-in.  RC  interior  walls  (height  9.0  ft, 
width:  24.0  ft).  Experimental  studies  performed  (Ref.  18)  indicate 
that  pressure  differentials  of  this  order  were  experienced  in  room 
configurations  and  blast  environment  conditions  similar  to  the  ones 
existing  in  shelters  considered  in  this  study.  It  should  be  em¬ 
phasized  however  that  the  rooms  in  the  experimental  shelters  were 
smaller. 

It  appears  that  in  shelters  whose  blast  doors  are  left  off  or 
open  and  whose  internal  walls  are  not  designed  to  resist  overpres¬ 
sures  normal  to  their  planes ,  survivability  may  be  considerably 
different  from  the  closed  door  case.  The  loss  of  walls'  supporting 
action  could  cause  failure  of  the  roof  slab.  Injuries  and/or  fa¬ 
talities  would  be  produced  by  debris  from  walls  as  well  as  the  roof 
slab.  To  what  extent  the  internal  wall  failure  affects  the  surviva¬ 
bility  of  the  shelter  cannot  be  accurately  estimated  until  techniques 
are  developed,  analytically  or  experimentally,  which  can  reliably 
predict  the  pressure  differentials  which  develop  across  the  internal 
wall  slabs.  Survivability  functions  developed  in  this  study  do  not 
reflect  injury /fatality  mechanisms  produced  by  the  failure  of  in¬ 
ternal  walls. 

2.1.4  Definition  of  Structural  Failure 

For  the  structures  described,  incipient  failure  (overpressure 
level  P^,  Fig.  2.2)  refers  to  the  overpressure  level  at  which  the 
classical  small  deformation  theory  predicts  failure  in  the  weaker 
of  the  key  components,  i.e.,  roof  slab,  wall,  column,  etc.  of  the 
structure  considered.  This  refers  to  the  overpressure  level  at 
which  the  load  resistance  versus  deflection  function  (Fig.  2.1c) 
of  the  weakest  key  component  becomes  level.  This  leveling  off  im¬ 
plies  that  the  component  being  analyzed  cannot  sustain  any  increase 
in  load  without  experiencing  unbounded  deformations.  At  the  point 
of  incipient  failure,  the  slab  cross  section  experiences  the  maxi¬ 
mum  possible  bending  moment  that  can  be  sustained  at  various  points 
in  the  slab. 
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In  Borne  instances  it  is  possible  that  the  slab  (roof  or  wall) 
may  experience  a  shear  failure  or  bond  stress  failure  at  the  slab 
supports  at  an  overpressure  value  lower  than  that  which  causes 
failure  in  bending  (i.e.  ,  the  point  at  which  the  resistance  func¬ 
tion  becomes  flat).  In  these  cases,  incipient  failure  is  defined 
as  the  overpressure  at  which  a  shear  or  bond  failure  occurs. 

Beyond  the  point  of  incipient  failure,  the  concrete  is  con¬ 
sidered  inserviceable  from  the  viewpoint  of  carrying  applied 
loads  in  flexure;  however,  the  steel  reinforcement  network  still 
remains  intact  and  is  capable  of  resisting  additional  loading 
through  membrane  action.  The  overpressure  level  at  which  membrane 
action  gives  away  is  defined  as  the  point  of  catastrophic  collapse 
(point  Pg,  Fig.  2.2).  It  is  postulated  that  at  this  point  a  roof 
slab  would  break  away  resulting  in  0  percent  survivors. 

2. 1.4.1  Incipient  Failure  Criterion  for  Slabs 

Flexure. --As  discussed  previously,  the  overpressure  level 
producing  incipient  flexural  failure  in  a  structural  component  is 
a  load  value  beyond  which  the  component  is  not  capable  of  re¬ 
sisting  flexural  deformations.  This  value  is  determined  herein 
by  means  of  a  resistance  function  which  describes  the  full-range 
behavior  of  the  component  in  question.  A  typical  resistance  func¬ 
tion  for  a  slab  capable  of  developing  two  sets  of  plastic  moments 
is  shown  in  Fig.  2.7  and  is  determined  using  yield- line  theory 
as  described  in  Ref.  19.  Means  for  constructing  resistance  func¬ 
tions  for  slabs  of  the  type  that  frequently  occur  in  rectangular 
RC  shelters  are  described  below.  Referring  to  Fig.  2.7: 


*  Mpa  +  “  Mpb 
7  EcIa/a2 

2E>Mpa  +  2a  |  Mpb 

P  Ec  Ia/a2 


limiting  resistance  in  the 
elastic  range,  lb 

stiffness  in  the  elastic 
range,  lb/ in. 

limiting  resistance  in  the 
elasto-plastic  range,  lb 

stiffness  in  the  elasto- 
plastic  range,  lb/in. 


(2.8) 

(2.9) 


(2.10) 


(2.11) 


where  Mpg  and  Mpg  are  plastic  moments  per  unit  length  of  side  "a" 

(short  side)  and  side  "b"  (long  side)  respectively  (see  Fig.  2.7). 

For  the  condition  where  tension  steel  area  per  unit  length  (A  ) 
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b)  Resistance  Function 
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w:  Uniformly  distributed  load 
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Fig.  2.7  CHARACTERIZATION  OF  RESISTANCE  FUNCTIONS  FOR  SLABS 
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is  equal  to  the  compression  steel  area  (Ag)  the  values  Mpg  and  Mp^ 
are  expressed  as  follows: 

Mpa  ‘  As  fdy  ds  =  Ps  ds  ds  fdy  (2'12> 

Mpb  -  At  £dy  df  '  pt  di  dt  fdy  (2'13) 

Coefficients  ,p,7 ,a,(3  and  p  characterize  the  influence  of  the 

type  of  loading,  support  conditions,  geometric  ratio  a/b  and  the 
strain  phase  and  are  tabulated  in  Appendix  D.  Other  parameters 
appearing  in  Eqs.  (2.8)  through  (2.13)  are  defined  below. 

b  =  long  side  of  slab,  in. 

a  =  short  side  of  slab,  in. 

E  =  Young's  modulus  for  concrete,  psi 

I  =  average  moment  of  inertia  per  unit  length  of 
the  short  and  long  sides  =  (Js  +  I<i)  where  ls 
is  the  average  of  the  transformed  section  modulus, 
tts,  and  tile  full  section  modulus  IgS  for  the 
short  side;  l£  is  a  similar  quantity  for  the 
long  side.  Thus, 

la  “  [Igs  +  itsi/2  where  Igs=D3/12  and 

(k  d  ) 3  2 " 

Its  -  -V-  +  Psds[n(ds  -  Vs)2  +  <2"  -  »  <ksds  -  ds>  . 

Similar  formulas  can  be  generated  for  the  long 
side  by  replacing  the  subscript  s  with  t.  in 
the  above  equations. 

D  =  slab  thickness,  in. 

d  ,d ^  =  short  or  long  side  depth  measured  from  the 
s  compression  face  of  beam  (or  slab)  to  the  cen¬ 

troid  of  the  longitudinal  tensile  reinforce¬ 
ment  ,  in . 

n  -  ratio  of  steel  modulus,  Eo ,  to  concrete  modulus 
E  ,  for  short  and  long  side,  respectively. 

p  ■  percent  steel  perpendicular  to  tne  short 
s  side 

p,  ■  percent  steel  perpendicular  to  the  long 
1  side 

k  ,k«  ■  cracked  section  factor  for  the  short  or  long 
3  1  side  (Table  11,  Ref.  71) 

A'  Ai  ■  area  of  reinforcing  steel  per  inch  of 
8  edge  length,  in. 

fj  ■  dynamic  yield  strength  of  steel,  psi 
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d',di  -  distance  between  centroids  of  compression  and 
8  1  tensile  steel  in  doubly  reinforced  member  for 

short  and  long  side  respectively,  in. 


Shear  and  Bond. --The  incipient  failure  overpressure  for 
shear  or  bond  failure  is  the  value  beyond  which  the  slab  is  no 
longer  capable  of  resisting  the  dynamic  shear  forces  (Vfl  .V^) 
that  exist  at  slab  supports.  These  shear  forces  (reactions)  can 
be  computed  directly  by  the  use  of  the  resistance  function  R(x) 
(see  Fig.  2.7)  and  the  net  load  P(t),  applied  to  the  surface  of 
the  slab.  The  values  and  are  expressed  as  follows: 


Va  *  9lsP  +  92sR 


Vb  -  9UP  +  92*R 


(2,14) 


where  and  are  total  dynamic  shear  forces  along  sides  a 
and  b  respectively,  lb.  Coefficients  9^g,  ®2s  ’  ®l £  anc* 
depend  on  the  type  of  loading,  slab  end  conditions,  the  geometric 
ratio  a/b  and  the  strain  phase,  i.e.,  elastic,  elasto-plastic 
or  plastic.  These  are  tabulated  in  Appendix  D.  The  slab  is  at 
the  shear  mode  of  incipient  failure  (Ref.  20)  when  the  ultimate 
shear  stress  ou>4(0.85)Vf^  unless  shear  reinforcement  is  provided. 


Whan  shear  reinforcement  is  provided,  the  slab  is  at  the 

shear  mode  of  incipient  failure  when  the  ultimate  shear  stress 

T  >6)0.85)V"f3.  See  Ref.  20  for  criteria  on  effective  shear  re- 
u  —  c 

inforcement  (Sec  1707,  para  d,  p  75).  Ultimate  shear  stress  is 


computed  from: 

.  Vu 

where 


(2.15) 


bQ  is  the  critical  section  along  side  a  and/or  b, 

d  is  the  distance  from  extreme  compression  fiber  to 
the  centroid  of  tension  reinforcement. 


The  critical  section  is  perpendicular  to  the  plane  of  the  slab  and 
located  at  a  distance  d/2  from  periphery  of  reaction  area  along 
the  long  or  short  side  of  the  slab.  Vu  is  computed  using  Eq.(2.14). 


The  slab  is  at  the  bond  made  of  incipient  failure  when  the  ul¬ 
timate  bond  stress  uu  is  equal  to  or  exceeds  the  following  values  for 
tension  bars  with  sizes  conforming  to  ASTW  A305: 
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6.7  Vfl 

- g — -  or  560  psi  for  top  bars 

9.5Vf I 

- sr — -  or  800  psi  for  other  than  top  bars 


(2.16) 


The  ultimate  bond  stress  uu  is  computed  from 


°  0.85  £ojd 

whereto  is  the  sum  of  perimeters  of  all  effective  bars  crossing 
the  section  on  the  tension  side,  if  of  uniform  size;  for  mixed  sizes, 
substitute  4  A./D,  where  Ae  is  the  total  steel  area  and  D  is  the 
largest  bar  diameter.  For  bundled  bars,  use  the  sum  of  the  exposed 
portions  of  the  perimeters.  D  is  the  nominal  diameter  of  bar,  inches. 

Appendix  C  contains  recommendations  for  the  construction  of 
resistance  functions  for  slabs  where  tension  and  compression  steel 
exists  in  different  amounts.  This  appendix  also  contains  a  com¬ 
puter  program  for  the  analysis  of  R/C  slabs. 


2. 1.4.2  Catastrophic-  Col  Lapse  Criterion  for  Slabs 

When  a  slab  experiences  a  loading  which  corresponds  to  the 
point  of  incipient  failure,  it  cannot  resist  additional  loading 
in  the  flexure  mode.  At  the  point  of  incipient  failure  the  re¬ 
sistance  function  shown  in  Fig.  2.7  implies  that  for  load  magni¬ 
tudes  equal  to  or  greater  than  the  maximum  flexural  resistance 
of  the  slab,  deformations  wiLl  grow  without  bound.  In  reality 
the  true  resistance  function  does  not  remain  horizontal  indef¬ 
initely.  The  small  deformation  theory  upon  which  the  flexural 
resistance  function  was  based  does  not  consider  membrane  action 
which  significantly  enters  the  picture  as  deformations  get  large. 
The  two-way  slab  (Ref.  4  )  shown  in  Fig.  2.8  illustrates  the 
membrane  large  deflection  action  that  can  develop  during  a  dynamic 
loading  situation.  The  major  error  introduced  by  employing  small 
deformation  theory  is  due  to  the  fact  that  the  dynamic  equilibrium 
equations  used  in  the  derivation  of  the  resistance  function,  refer 
to  the  undeformed  (flat)  shape  of  the  plate  which  precludes  any 
supporting  action  from  membrane  forces. 
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Fig.  2.8  LARGE  DEFLECTION  OF  A  TWO-WAY  SIMPLY -SUP PORTED  RC  SL^B  (Ref.  4) 


barge  deformation  theory  however,  accounts  for  membrane  forces 
by  considering  equilibrium  of  the  deformed  (dished)  shape.  Em¬ 
ploying  large  deformation  theory  allows  u:  to  account  for  the 
reserve  strength  a  slab  has  in  its  dished  configuration. 

The  approximate  load  carrying  capacity  of  a  slab  in  its 
dished  configuration  may  be  determined  by  first  converting  the 
reinforcement  network  into  an  equivalent  constant  thickness  mem¬ 
brane  having  the  same  length  and  width  as  the  actual  slab.  In 
this  model  it  is  assumed  that  the  concrete  has  lost  its  load 
resisting  capacity  and  instead  serves  as  a  matrix  for  keeping 
the  reinforcement  rods  separate  and  as  an  agent  for  transmitting 
the  applied  pressure  load  to  the  steel  rods.  For  example,  the 
plates  tested  under  dynamic  loading  and  illustrated  in  Figs.  2.8 
through  2.10  support  these  assumptions.  It  will  be  noted 
that  the  severe  cracking  experienced  precludes  any  significant 
membrane  resistance  of  concrete.  It  is  further  assumed  that 
reinforcing  rods  are  securely  anchored  (in  tension)  around  the 
periphery  of  the  slab.  This  anchoring  may  be  realized  when 
either  the  rods  are  cast  into  a  supporting  edge  (e.g.  ,  an  external 
wall)  or  the  rod  tension  is  counterbalanced  by  tension  that  exists 
in  a  similarly  loaded  neighboring  slab.  An  actual  reinforcing 
steel  network  and  an  equivalent  constant  thickness  membrane 
(analytical  model)  are  illustrated  in  Fig.  2.11. 

The  thickness,  t  ,  of  the  equivalent  membrane  is  determined 
,  such  that  the  cross-sectional  area  of  a  unit  strip  in  the  equiva¬ 
lent  membrane  is  equal  to  that  of  a  unit  strip  in  the  steel  net¬ 
work.  Thus,  t  =  A  where  A  is  the  steel  area  per  unit  length. 

If  A  is  not  the  same  for  both  sides  of  a  two-way  slab,  then  A 
s  s 

is  taken  to  be  the  average  of  both  sides.  The  equivalent  mem¬ 
brane  must  be  able  to  transmit  tensile  forces  across  the  entire 
span  of  the  slab,  therefore  A  must  only  be  representative  of 
the  continuous  bars  which  span  the  full  length. 

Resistance  functions  (pressure  load  versus  midspan  deflec¬ 
tion  curves)  for  membranes  rigidly  supported  at  their  periphery 
are  shown  (Ref.  21)  in  Figs.  2.12  through  2.14  for  several  a/b 
ratio  values. 
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Fie  29  MEMBRANE  -  LARGE  DEFLECTION  ACTION 
OF  A  TWO-WAY  RC  SLAB  (Ref.  4) 
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(a)  Slab  Reinforcement  Matrix 
(Plan) 


(b)  Slab  Reinforcement  Matrix 
(Section  A-A) 


(c)  Equivalent  Steel  Membrane 
(Plan) 


(d)  Equivalent  Steel  Membrane 
(Section  B-B) 


Fig.  2.11  SLAB  REINFORCEMENT  MATRIX 

AND  (EQUIVALENT)  ANALYTICAL  MODEL 
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Fig.  2.14  MEMBRANE  FAILURE  CURVES 


93 


Strain,  percent 


The  nomenclature  used  in  these  graphs  is  defined  as  follows: 

a  =  length  of  short  side,  in. 
b  “  length  of  long  side,  in. 

P  =  total  load  (uniformly  distributed)  supported 
by  membrane,  psi 

zc  “  midspan  deflection,  in. 

S  =  to  *  A  a  =  ultimate  tensile  force  per  unit 
e  u  u  r 

length  of  membrane,  lb/in. 

a  =  dynamic  ultimate  strength  of  membrane  mate- 
u  rial,  psi 

=  dynamic  ultimate  strain  of  membrane  material, 
percent 

In  order  to  determine  the  overpressure  magnitude  producing 
membrane  failure  we  proceed  as  follows: 


To  find:  Pq£  =  overpressure  producing  membrane  failure 

Required  data:  a/b,  t„,  a., 

- - — —  cur 

Procedure : 


1.  Select  the  appropriate  figure  (Fig.  2.12  through 
2.14)  whose  a/b  ratio  is  closest  to  the  actual 
ratio . 

2.  Using  the  value  of  ef,  determine  the  Pa/S=i< 
ratio  in  the  manner  indicated  in  Fig.  2.12a. 


3.  Determine  Pq£  by  the  use  of  the  following  equation: 


i  * 

k  Ce  Ju 
Dlf  a 


(2.17) 


where 


Qdi 

D£f 


=  equivalent  membrane  thickness,  in. 

*  dead  load  per  unit  area  of  membrane,  psi 
=  dynamic  load  factor 


Since  for  problems  of  interest  the  positive  phase  duration 

of  the  blast  pulse  is  large  when  compared  to  the  natural  period 

of  vibration  of  the  membrane,  and  since  the  variation  of  P  /S 

a 

(Figs.  2.12  through  2.14)  is  very  nearly  linear,  the  dynamic 
load  factor  (D^f)  was  taken  as  2.0  in  this  study  for  computational 
purposes . 
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2.2  ANALYSIS  OF  ARCH  SHELTERS 


Arch  shelters  considered  belong  in  the  single-purpose  category 
and  are  described  in  detail  (including  costs)  in  Appendix  A.  Two 
categories  are  included,  i.e. ,  low  level  blast  effects  shelters 
(up  to  30  psi  design  overpressure)  and  high  level  blast  effects 
shelters  (100  and  150  psi  design  overpressure) . 

Low  level  blast  effects  shelters  include  two  sets  of  four 
structures  each.  In  the  first  set  the  arch  shell  is  of  RC,  while 
in  the  second  set  a  steel  shell  is  used.  In  each  of  the  two  sets 
the  four  arches  are  similar  except  that  each  is  designed  to  resist 
a  different  overpressure  level  (weapon  environment)  resulting  from 
a  single  megaton  range  weapon.  The  four  design  overpressure  levels 
are  0  ,  10,  20  and  30  psi.  All  structures  are  semicircular  arches 
having  a  17.5-ft  inside  radius  and  an  80- ft  inside  length,  a  typ¬ 
ical  cross  section  showing  common  (basic)  dimensions  and  the  posi¬ 
tion  of  the  soil  cover  relative  to  the  structure  is  shown  in  Fig.  2.15. 


The  slope  of  the  mound  (4  to  1)  is  sufficiently  gentle  to  pre¬ 
clude  significant  dynamic  and  reflected  pressures  acting  on  the 
structure.  The  end  walls  (see  Fig.  A. 2,  Appendix  A)  are  RC  slabs 
in  every  case.  Entranceways  consist  of  corrugated  steel  tunnels 
containing  bulkheads  and  blast  doors. 

High  level  blast  effects  shelters  include  two  structures. 

One  was  designed  to  resist  100  psi,  the  second  150  psi.  They  are 
RC  structures  and  are  similar  to  the  one  described  above  except 
that  the  entranceways  also  consist  of  RC  instead  of  corrugated  steel. 
Basic  properties  are  summarized  in  Table  2.1. 


TABLE  2.1 

BASIC  PROPERTIES  OF  ARCH  SHELLS  AND  END  WALLS 

Steel  Arches 

Design  Moment  of  Inertia  Cross-Sectional 

Weapon  Section  per  Unit  Area  per  Unit 

Environment  Type  AxiaL  Length  Axial  Length 

(psi)  (inT/in.)  (in?/in.) 


Fallout 

12  gage 

corrugated  steel 

0.0604 

0.129 

10 

1  gage 

corrugated  steel 

0.1659 

0.343 

20 

3/8  in. 

corrugated  steel 

0.2380 

0.487 

30 

1/2  in. 

tee-flange  steel 

0.2920 

0.583 

Concrete  Arches 


Design  Weapon 
Environment 

Arch  Thickness 
(in.) 

Endwall  Thickness 
(in.) 

Fallout 

4 

8 

10 

4 

8 

20 

4 

9 

30 

4 

10 

100 

8 

35 

150 

13.5 

41 

2.2.1  Definitions  of  Structural  Failure 


Arch  structures  are  normally  designed  to  carry  transverse 
pressure  loads  in  membrane  compression,  whereas  slabs  (prior  to 
yielding)  carry  pressure  loads  in  bending.  This  basic  difference 
in  the  load  carrying  mechanism  leads  us  to  redefine  our  previous 
definitions  for  the  incipient  failure  pressure  and  the  cata¬ 
strophic  failure  pressure  Pg  . 

Incipient  Failure  Definition  for  Buried  Concrete  Arches 
For  concrete  arches,  incipient  failure  is  defined  as  the  over¬ 
pressure  which  results  in  the  strain  through  an  entire  cross  sec¬ 
tion  of  the  arch  shell  to  exceed  the  ultimate  failure  strain  of 
concrete  in  compression  (0.0024  in. /in.).  When  this  state  of 
strain  is  reached,  the  arch  is  assumed  to  collapse  in  the  neigh¬ 
borhood  of  its  center  portion  (i.e.  ,  away  from  the  supporting  end 
walls).  The  external  overpressure  which  results  in  this  midspan 
state  of  strain  is  termed  the  incipient  failure  pressure  PA. 

Incipient  Failure  Definition  for  Buried  Steel  Arches.  --  In 
steel  arches  the  ductility  of  the  steel  does  not  permit  the  arch 
material  to  fracture  apart  as  with  concrete,  thus  we  need  a  dif¬ 
ferent  definition  for  incipient  failure  pressure.  The  steel  arch 
will  continue  to  support  pressure  loads  at  strains  beyond  the 
yield  strain,  however  this  is  at  the  expense  of  suffering  midspan 
deflections  which  grow  increasingly  out  of  proportion  with  each 
unit  increase  in  external  load.  For  sufficiently  large  loads  the 
midspan  deflection  growth  will  continue,  thus  allowing  yield 
hinges  to  form.  This  permits  the  deformation  characteristics 
of  the  arch  to  resemble  a  mechanism  and  the  arch  collapses.  What 
is  sometimes  done,  is  to  define  collapse  as  the  external  load  which 
results  in  a  prescribed  number  of  yield  deflections  (Ref.  22).  If 
we  use  the  allowable  yield  deflection  approach,  the  problem  we 
are  confronted  with  is  that  the  deflection  just  prior  to  the  mech¬ 
anism  formation  is  usually  many  yield  deflections.  This  is  ordi¬ 
narily  well  into  the  large  deformation  range  and  consequently  out 
of  range  of  most  computational  techniques  (including  the  one  used 
here) . 
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The  problem  can  be  overcome  if  we  first  recognize  that  a  plot  of 
the  actual  applied  load  versus  midspan  deflection  would  be  non¬ 
linear  in  that  it  would  rise  linearly  up  to  a  point  (6^)  and  then 
nonlinearly  level  off,  as  in  Fig.  2.16. 

Let  P.  be  the  actual  failure  load  and  6  *  66  be  the  corre- 

d  c  y 

sponding  failure  deflection  (i.e.,  6  yield  deflections).  Suppose 
we  did  not  know  the  precise  number  of  yield  deflections  which 
defined  failure;  or,  we  purposely  defined  6c  lower  than  the  col¬ 
lapse  value  to  keep  the  structural  computations  within  their 
range  of  accuracy  (within  the  small  deformation  limit). 


Deflection,  6 


Note:  6^  =  one  yield  deflection 

Fig.  2.16  NONLINEAR  RESISTANCE  FUNCTION 
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For  either  of  these  two  reasons ,  suppose  that  6  =  36  was  selected 

c  y 

as  the  critical  number  of  yield  deflections  to  failure.  From 
Fig.  2.16  we  see  that  although  the  erroneous  failure  criterion 
(36  )  is  50  percent  in  error  with  respect  to  the  actual  failure 
deflection,  the  corresponding  failure  load  (P-j)  is  only  off  by  about 
8  percent  (on  the  conservative  side)  from  the  actual  failure  load 
Pjj.  In  other  words  the  predicted  failure  pressure  is  fairly  in¬ 
sensitive  to  the  number  of  yield  deflections  chosen  for  the  fail¬ 
ure  criterion.  The  failure  criteria  used  for  the  steel  arches 
in  this  study  corresponded  to  46^  (i.e.,  four  yield  deflections). 
Although  this  is  still  probably  less  than  the  actual  number  of 
yield  deflections  at  failure,  (Ref .  22  used  yield  deflections 
anywhere  from  2-  to  5)  ,  it  is  still  sufficiently  accurate  to  pre¬ 
dict  failure  in  view  of  the  sensitivity  argument  given.  In 
summary,  incipient  failure  pressure  P0  for  steel  arches  is  de- 
fined  as  the  external  overpressure  which  results  in  the  midspan 
deflection  exceeding  four  yield  deflections. 

Catastrophic  Failure  Definition  (Steel  and  Concrete  Arches). -- 


Once  the  incipient  failure  pressure  is  reached,  the  arch  (steel 
or  concrete)  is  assumed  to  collapse  in  the  vicinity  of  its  center 
portion,  i.e.,  away  from  the  end  walls.  The  portion  of  the  arch 
in  the  vicinity  of  the  end  walls  receives  partial  support  from 
these  walls,  consequently  the  arch  shell  in  this  region  is 
stronger  than  at  midspan.  Thus  failure  at  midspan  does  not  im¬ 
ply  that  total  collapse  of  the  shelter  will  occur.  What  may 
actually  happen,  at  external  pressures  greater  than  P  ,  is  that 

a 

the  arch  deforms  into  two  "lean-to"  type  compartments. 

The  volume  (or  survival  space)  of  the  postulated  lean-to 
compartments  would  be  bounded  by  the  end  wall  and  the  collapsed 
portions  of  the  arch.  It  is  postulated  that  end  walls  remain 
essentially  vertical  for  pressures  in  the  vicinity  of  P  .  The 
catastrophic  failure  pressure  Pfa  is  defined  as  that  pressure 
which  will  ultimately  fail  the  end  walls  in  a  bending  failure, 


bond  failure  or  shear  failure.  When  this  occurs  the  bounding 
surface  of  the  wall  fails  causing  the  lean-to  voids  to  collapse 
and  thus  bury  or  crush  the  occupants. 

2.2.2  Analytical  Model 

As  mentioned  previously ,  an  arch  shelter  consists  of  a  semi¬ 
circular  cylindrical  shell  bounded  by  two  end  walls.  The  end 
walls  are  RC  slabs  and  the  arch  shell  consists  either  of  steel 
or  concrete. 

As  with  the  box- type  structure  described  earlier,  the  in¬ 
ternal  moment  and  force  distributions  throughout  each  main  com¬ 
ponent  of  the  structure  (shell,  end  wall,  footing,  etc.)  are 
coupled  (i.e. ,  they  are  statically  indeterminate).  Here  too,  the 
coupled  problem  is  simplified  by  making  certain  assumptions  re¬ 
garding  the  restraint  conditions  (clamped  or  pinned)  involving 
the  junction  between  adjacent  members.  Upon  decomposing  the 
total  structural  problem  into  a  series  of  smaller  uncoupled 
problems,  each  component  is  then  analyzed  as  a  separate  unit  and 
the  weakest  link  in  each  chain  is  found. 

2.2.3  Loading  (Closed  Shelter) 

Arch  Shell. --Arch  shelters  under  consideration  are  buried 
as  indicated  in  Fig.  2.15.  The  spacial  pressure  distribution 
on  the  soil  surface  is  assumed  to  be  uniform  and  its  time  vari¬ 
ation  is  taken  to  be  the  same  as  the  free  field  overpressure 
loading.  Analogous  to  the  box-type  structures,  the  uniform 
spacial  distribution  is  reasonable  so  long  as  the  time  it  takes 
the  overpressure  wave  front  to  engulf  the  structure  is  small 
compared  to  the  lowest  natural  period  of  vibration  of  the  so.l- 
arch  structural  system. 

End-Walls. --The  loading  on  the  end  walls  is  due  to  a  com¬ 
bination  of  both  the  overpressure  loading  and  the  lateral  side 
pressure  of  the  soil.  The  specific  loading  assumptions  are  the 
same  as  those  discussed  for  the  box-type  structures  and  thus  will 
not  be  repeated  here  (see  Subsection  2.1.2). 
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Footings . — Once  the  solution  to  the  arch  structure  has  been 
established ,  the  resulting  vertical  shear  forces  at  the  arch  sup¬ 
ports  are  known.  These  shear  values  roust  in  turn  be  supported 
by  the  footings,  thus  establishing  the  sought  loading. 


2.2.4  Loading  (Open  Shelter] 


When  the  blast  doors  are  open,  the  differential  pressure 
loading  on  the  structure  is  only  slightly  different  from  the 
closed  shelter  case  discussed.  Briefly,  the  internal  pressure 
cannot  build  up  fast  enough  to  substantially  reduce  the  net  dif¬ 
ferential  pressure  loading  across  the  roof  arch  or  end  wall.  By 
the  term  "fast  enough"  we  mean  that  if  structural  failure  is  to 
occur,  it  will  have  occurred  by  the  time  any  significant  reduc¬ 
tion  in  pressure  differential  has  been  produced.  Consequently, 
the  loading  is  assumed  to  be  the  same  as  in  that  of  the  closed 
shelter. 


2.2.5  Incipient  Failure  Determination  for  Concrete  Arches 


The  method  of  solution  closely  follows,  in  principle,  that 
discussed  in  connection  with  slab  failure.  Briefly,  the  method 
consists  of  first  finding  the  static  resistance  function,  R(w)  , 
for  the  midspan  deflection  of  the  arch.  Appropriate  mass  and 
load  factors  are  determined  through  energy  considerations.  Next 
the  equivalent  first  mode,  single  degree-of- freedom  differential 
equation  analogous  to  Eq.  (2.6)  is  constructed.  For  a  prescribed 
weapon  size  and  trial  overpressure,  the  equation  of  motion  is 
integrated  to  determine  if  the  failure  deflection  has  been  reached, 
or  exceeded.  (Recall  that  for  concrete  arches,  we  defined  the 
failure  midspan  deflection  as  that  value  which  results  in  a  con¬ 
crete  cross  section  to  be  at  a  strain  level  of  0.0024  in. /in., 
and  for  steel  arches  the  failure  deflection  was  defined  as  four 
yield  deflections.)  The  above  process  is  repeated  (the  over¬ 
pressure  is  incremented)  until  an  overpressure  (the  incipient 
failure  overpressure,  P^)  is  found  which  results  in  the  timewise 
peak  midspan  deflection  which  equals  the  failure  deflection. 
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Determination  of  Concrete  Arch  Resistance  Curve. — A  finite 
element  model  representing  the  soil-arch  configuration  was  con¬ 
structed  as  illustrated  in  Fig.  2.17.  The  uniformly  distributed 
overpressure,  PQ,  was  converted  into  concentrated  nodal  forces 
acting  normal  to  the  soil  surface.  The  resulting  load-deflection 
curve  should  of  course  depend  on  the  physical  properties  of  the 
soil  surrounding  the  arch.  For  a  structure  located  in  a  stiff 
soil,  the  soil  will  behave  somewhat  like  an  arch  in  that  it  car¬ 
ries  a  portion  of  the  load  applied  at  the  surface  (active  arching 
action).  At  the  other  extreme,  a  soft  soil  will  transmit  most 
of  the  surface  pressure  directly  to  the  buried  structure  (passive 
arching  action) .  The  extent  to  which  surface  pressure  is  trans¬ 
mitted  to  a  buried  structure  depends  on  the  surface  loading,  type 
of  soil,  stiffness  of  the  structure  and  depth  at  which  it  is 
buried. 

For  the  arch-soil  analysis,  an  intermediate  stiff  soil  is 
chosen  with  a  modulus  (Eg)  of  5000  psi,  compressive  yield  strength 
(oQ)  of  65  psi  and  Poisson's  ratio  of  0.4.  The  resistance  versus 
crown  deflection  curve  is  shown  in  Fig.  2.18. 

In  the  analysis  performed,  the  influence  of  soil  yielding 
under  the  arch  footings  was  neglected.  This  omission  would  tend 
to  make  the  evaluation  of  survivability  somewhat  conservative. 

The  yielding  of  footings  would  allow  the  arch  to  carry  more  load 
before  failure  occurs. 

Referring  to  Fig.  2.18,  the  fact  that  nonlinearities  in  the 
material  stress  strain  law  are  admitted  into  the  analysis  accounts 
for  the  leveling  off  of  the  load-deflection  (resistance)  curve. 

Most  of  the  leveling  off  is  a  result  of  the  plastic  flow  experienced 
within  the  soil.  To  illustrate  this  fact  the  resistance  curve  was 
run  a  second  time  with  all  parameters  the  same  except  that  the 
compressive  yield  strength  of  the  soil  was  assumed  to  be  200  psi. 

The  result  was  that  the  flattening  of  the  resistance  curve  (Fig. 
2.18)  was  postponed  in  that  yielding  of  the  soil  did  not  take 
place  until  larger  values  of  the  external  load  were  applied. 
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Fig.  2.18  CONCRETE  ARCH  RESISTANCE  FUNCTION 
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What  is  often  done  in  the  analysis  of  buried  arches  of  the 
type  considered  here  is  to  assume  a  priori  a  pressure  loading  on 
the  arch,  perhaps  the  most  popular  being  the  uniform  compression 
mode  loading  assumption  (Ref.  23).  Briefly,  the  uniform  compres¬ 
sion  mode  corresponds  to  a  purely  radial  pressure  distribution 
whose  magnitude  is  equal  to  the  pressure  at  the  soil  surface.  It 
is  of  interest  to  compare  the  soil-arch  loading  (i.e.,  the  load 
the  soil  imparts  to  the  arch  resulting  from  the  free  surface  load¬ 
ing)  with  the  uniform  compression  mode.  Since  the  finite  element 
computer  program  used  herein  (Ref.  24)  operates  in  terms  of  ap¬ 
plied  nodal  ^es  rather  than  applied  pressures,  it  was  necessary 
to  convert  the  uniform  compression  pressure  loading  into  an  equiva¬ 
lent  distribution  concentrated  force  in  order  to  make  an  appropriate 
comparison.  A  comparison  of  the  two  types  of  loading  is  illustrated 
in  Fig.  2.19  and  corresponds  to  the  concrete  arch  case  represented 
in  Figs.  2.17  and  2.18.  With  the  exception  of  the  vertical  loading 
component  in  the  midhaunch-to-support  region,  the  interaction  solu¬ 
tion  loading  is  somewhat  lower.  This  implies  that  the  soil  itself 
is  behaving  as  an  arch  wherein  a  portion  of  the  surface  load  is 
taken  by  the  soil. 


Determination  of  Load  Transformation  Factor  K^.--The  external 
work,  W  ,  done  on  the  actual  arch-soil  (unit  depth)  configuration 
shown  in  Fig.  2.17  by  the  externally  applied  pressure  is  given 
by  the  expression 


V  (F1  w*  +  F1  w1) 
L*  v  x  x  y  y 


(2.18) 


where  F  ,  F1  are  respectively  the  horizontal  and  vertical  ex- 

x  y 

ternal  forces  applied  to  each  surface  node  of  the  arch-soil  model; 

w^,  w*"  are  respectively  the  corresponding  horizontal  and  vertical 
x  y 

surface  displacements;  and  the  summation  is  made  over  all  surface 
nodes . 
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The  external  work,  W  ,  of  the  equivalent  single  degree-of- 
freedom  model  (e.g.  ,  Fig.  2. Id)  is  given  by 

"a  ■  7  Pe  "e  (2.19) 

where  Pg  is  the  net  external  force  on  the  spring  model  and  wfi 
is  the  spring  deflection. 

Equating  the  actual  and  equivalent  work  expressions  and 
noting  that  the  total  vertical  force  P  acting  on  the  actual  arch¬ 
soil  configuration  is  equal  to  £  we  arrive  at  the  expression 

i  ” 


(2.20) 


Setting  wg  equal  to  the  midspan  deflection  of  the  arch,  the 
term  in  brackets  (according  to  the  definition  given  by  Eq.  (2.1)) 
is  the  load  factor,  K^.  The  load  factor  expression  (in  brackets) 
is  computed  automatically  in  the  arch-soil  interaction  finite 
element  computer  program. 


Determination  of  Hass  Transformation  Factor  K_.--To  estab- 
— — — — - . - . .  — - m 

lish  the  mass  factor,  we  need  an  approximate  relation  for  the 
nodal  velocity  distributions.  As  a  crude  approximation,  we 
assume  the  ratio  of  the  nodal  to  midspan  velocity  distribution 
is  proportional  to  the  ratio  of  the  nodal  to  midspan  deflection. 
Or  mathematically, 
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where  (w*,  w*)  are  the  vertical  and  horizontal  nodal  displace- 
ments  due  to  a  static  unit  surface  pressure  load,  w  is  the  mid¬ 
span  deflection  and  the  dotted  quantities  are  the  corresponding 
velocities. 

The  kinetic  energy  of  the  actual  arch-soil  configuration 
is  thus  given  by  the  expression 


KEa  -  £  ^m1[(^)2+  (w*)2] 
i  L  J 


(2.22) 


where  m1  is  the  mass  of  each  lumped  nodal  mass.  Or,  upon 
inserting  the  velocity  ratios  we  can  rewrite  the  above  expression 


.  (w“)2  f(“v1)2+  <wx> 

^r~  Lm  .2 — 


(2.23) 


The  kinetic  energy  of  the  equivalent  single  degree-of- 
freedom  system  is  given  by 


KE  -  i  Mq  vl  . 
e  Zee 


(2.24) 


Equating  KE_  and  KE.  and  setting  V  equal  to  the  midspan  velocity 

a  6  © 

wm  we  obcain  r  _-n 


Me-Mt 


Z  ml  [(«y>2  + 


(2.25) 


(wm)  Zmi 
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where  Mf  is  defined  as  the  total  nodal  mass  summation  (i.e.  , 

M.  *  Em.).  By  comparing  this  last  expression  to  Eq.  (2.2)  we 

see  that  the  expression  in  brackets  is  the  mass  transformation 

factor  K„. 
m 
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2.2.6  Incipient  Failure  Determination  for  Steel  Arches 

The  method  herein  closely  follows  that  discussed  in  connec¬ 
tion  with  concrete  arches  and  hence  only  the  differences  will  be 
highlighted.  The  first  step  is  to  determine  the  static  resist¬ 
ance  function,  R(w)  ,  for  the  midspan  deflection  of  the  arch.  The 
determination  of  the  resistance  function  for  the  steel  arch  is 
the  same  as  that  for  the  concrete  arch  except  for  one  detail. 

The  steel  arches  are  actually  corrugated.  The  corrugations  are 
perpendicular  to  the  plane  of  Fig.  2.17  and  therefore  do  not 
appear  in  the  drawing.  The  corrugations  are  not  physically 
modeled;  instead,  an  equivalent  constant  thickness  steel  arch 

is  used  whose  cross-sectional  moment  of  inertia  and  area  are 
equal  to  that  of  the  corrugated  arch.  In  this  way  the  important 
stiffness  properties  of  the  corrugated  arch  are  preserved. 

'The  next  step  is  to  determine  the  mass  and  load  transforma¬ 
tion  factors  Kl,  Km.  This  is  accomplished  by  the  use  of  Eqs. 

(2.20)  and  (2.25).  Once  we  have  R(w)  ,  K^,  Kffl,  the  equivalent 
single  degree-of- freedom  differential  equation  analogous  to 
Eq.  (2.6)  is  constructed. 

For  a  prescribed  weapon  size,  and  trial  overpressure,  the 
equation  of  motion  is  integrated  to  determine  if  the  failure  de¬ 
flection  has  been  reached  or  exceeded  (recall  that  for  steel 
arches,  we  defined  the  failure  midspan  deflection  as  that  value 
which  equals  four  yield  deflections).  The  above  process  is  re¬ 
peated  (the  overpressure  is  incremented)  until  an  overpressure 
(the  incipient  failure  overpressure,  P  )  is  found  which  results 
in  the  timewise  peak  midspan  deflection  which  just  equals  the  four 
yield  deflections . 

2.2.7  Catastrophic  Failure  Determination  (Concrete  and  Steel  Arches) 

Catastrophic  failure  (100  percent  fatality)  for  arch  structures 
is  assumed  to  occur  at  an  overpressure  level  which  produces  the 
failure  mode  illustrated  in  Fig.  2.20. 


I 


Fig.  2.20  DEFINITION  OF  ARCH  STRUCTURE  FAILURE 


The  principal  structural  components  of  arches  (single-purpose 
shelters)  considered  in  this  study  are  the  arch  shell  and  the 
end-walls.  In  all  cases  studied  it  was  found  that  the  arch  shell 
is  the  weaker  of  the  two.  For  this  reason  incipient  failure  is 
based  on  the  overpressure  which  will  produce  failure  in  the  arch 
shell  alone.  Catastrophic  failure  is  assumed  to  occur  at  an  over¬ 
pressure  level  which  in  addition  to  failing  the  shell,  also  pro¬ 
duces  failure  of  the  end -walls  in  the  manner  indicated  in  Fig.  2.20. 
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CHAPTER  THREE 


BUST  FILLING  OF  PERSONNEL  SHELTERS 

3.1  BUST  WAVE  PROPAGATION  INTO  SHELTERS 

In  order  to  estimate  the  effects  of  an  air  blast  wave  upon 
people  or  equipment  inside  of  shelter  spaces,  it  is  necessary 
■  to  consider  the  aerodynamic  phenomena  occurring  during  the  prop¬ 
agation  of  the  blast  wave  into  such  spaces.  The  magnitude  of  v 
the  effects  is  obviously  a  function  of  the  blast  wave  character¬ 
istics,  the  geometry  of  the  chamber,  and  its  entrance  configura¬ 
tion. 


A  typical  blast  wave  generated  by  a  large-scale  nuclear 
weapon  is  characterized  by  a  propagating  shock  front,  at  which 
the  pressure  jumps  nearly  instantaneously  to  a  peak  value,  fol¬ 
lowed  by  an  exponential  decay  in  pressure  over  a  period  of  a  few 
seconds.  The  sudden  increase  in  pressure  is  matched  by  a  corre¬ 
sponding  particle  velocity  increase.  The  pressure  in  the  blast 
wave  continues  to  decay  below  the  value  of  the  ambient  pressure. 
During  the  so-called  negative  phase  of  the  blast  wave  the  local 
particle  velocity  reverses  direction,  thus  the  flow  direction 
at  this  time  is  opposite  to  that  of  shock  propagation. 

The  interaction  of  such  a  blast  wave  with  a  shelter  space 
depends  on  the  geometry  of  the  latter  and  upon  the  blast  orienta¬ 
tion  relative  to  the  chamber  entrance.  Possible  variations  are 
above  or  below  ground  location,  chambers  connected  to  the  atmos¬ 
phere  by  direct  entrance  or  through  tunnels,  etc.  Similarly  the 
blast  wave  propagation  may  be  normal,  oblique  or  parallel  to  the 
plane  of  the  entranceway.  Even  for  the  case  of  normal  orienta¬ 
tion  one  must  distinguish  between  the  cases  where  the  surface 
containing  the  entrance  is  large  or  infinite  such  as  the  ground 
surface,  or  is  small  such  as  the  face  of  a  building.  In  either 
case  normal  reflection  takes  place  at  the  surface,  the  pressure 
being  increased  at  least  by  a  factor  of  two  over  the  incident 
shock  front  pressure.  However,  if  the  reflecting  surface  is 
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small  the  high  reflected  pressure  is  rapidly  eroded  as  rarefac¬ 
tion  waves  generated  at  the  wall  edges  move  across  the  wall. 

For  typical  chamber  geometries,  where  the  largest  chamber 
dimensions  are  of  the  order  of  100  ft  the  blast  wave  interaction 
process  may  be  conveniently  divided  into  two  phases.  The  first 
of  these  with  a  typical  duration  of  couple  hundred  milliseconds 
is  the  shock  diffraction  phase  during  which  the  predominating 
phenomena  are  expansions,  reflections,  and  interactions  of  shock 
and  rarefaction  waves  at  the  chamber  entrance  and  in  its  interior 
This  is  followed  by  a  phase  in  which  the  primary  phenomenon  is 
the  rapid  inflow  of  gases  from  the  outside  or  free  field  region 
into  the  chamber.  This  latter  phase  continues  until  pressure 
equalization  between  the  inside  and  outside  occurs,  then  the 
gradual  outflow  of  air  from  the  chamber  commences.  Obviously  it 
is  assumed  that  the  chamber  retains  its  structural  integrity. 

It  is  during  the  shock  diffraction  phase  that  the  geometric 
variables  of  the  chamber  and  its  entrance  and  also  the  blast 
orientation  are  of  greatest  importance.  To  discuss  the  problem 
qualitatively,  consider  the  case  of  a  blast  wave  with  normal  in¬ 
cidence  to  the  plane  of  the  chamber  entrance.  It  is  assumed  that 
the  surface  containing  the  entrance  opening  is  infinite  in  extent 
The  properties  behind  the  incident  shock  wave  can  be  obtained 
from  Rankine  Hugoniot  equations.  These  for  the  case  of  air  with 
an  assumed  perfect  gas  equation  of  state  are  conveniently  ex¬ 
pressed  as: 


£s  .  1  +  L& 


(3.1) 


CS  _  -\  / U  u  + 


(3.2) 


r(M  +  l)(l  +  pO 

T+u? 


(3.3) 
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Here  subscripts  o  and  s  designate  ambient  and  shock  conditions 
respectively.  The  variables  are: 

p  ■  density 
c  ■  sound  velocity, 
u  *  particle  velocity, 

U  *  shock  velocity,  and 

£  =  P  /P  is  the  ratio  of  shock  pressure  to 
s  o 

ambient  pressure. 

The  parameter  u  is  defined  by 


where  7  is  ratio  of  specific  heats  of  a  perfect  gas.  Thus  for 
any  given  shock  pressure  Eq.  (3.5)  permits  the  computation  of 
all  the  variables  in  the  incident  shock  front.  Upon  incidence 
on  the  wall,  the  shock  wave  undergoes  a  normal  reflection  and 
the  reflected  shock  propagates  away  from  the  wall.  The  pressure 
ratio  of  the  reflected  shock  is  given  by 


(3.6) 


Here  p  is  the  reflected  pressure,  p  the  pressure  behind  the 
incident  shock  and  £,  =  p  /p  .  Coincident  with  the  shock  reflec- 
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tion  on  the  exterior  the  incident  shock  is  transmitted  toward 
the  interior  of  the  chamber,  The  wave  phenomena  at  the  opening 
during  the  shock  entrance  depend  on  the  entrance  geometry.  Typ¬ 
ical  behaviors  are  illustrated  in  Fig.  3.1. 

If  the  room  is  connected  to  the  atmosphere  by  a  relatively 
long  tunnel  then  the  wave  configuration  is  as  shown  in  Fig,  3.1a, 
The  shock  transmission  causes  the  formation  of  a  Mach  stem  con¬ 
figuration  in  order  to  match  the  conditions  in  the  reflected 
region  to  those  behind  the  transmitted  shock.  For  openings  with 
little  depth,  again  a  Mach  stem  reflection  takes  place  (Fig.  3.1b) 
However,  in  addition  to  this  a  centered  rarefaction  wave  is  formed 
at  the  interior  corners  as  the  transmitted  shock  attaches  itself 


to  the  interior  walls  and  causes  the  flow  to  bend  around  the  90  deg 
corner.  A  similar  phenomenon  occurs  when  the  shock  reaches  the 
end  of  the  tunnel  and  enters  the  chamber  as  shown  in  Fig.  3.1a. 

The  Mach  and  rarefaction  waves  move  across  the  entrance  and  inter¬ 
act.  Once  this  interaction  occurs  one  has  essentially  an  adiabatic 
inflow  from  the  high-pressure  reflected  region  to  the  region  behind 
the  transmitted  shock  wave.  The  interactions  at  the  entranceway 
of  the  chamber  are  quite  complex,  and  again  geometry  dependent. 

Thus  the  rarefaction  waves  may  actually  interact  with  the  Mach 
waves  before  these  meet  at  the  central  plane  of  the  entrance.  After 
the  shock  enters  the  chamber  (and  assuming  normal  incidence)  it  has 
a  tendency  to  spread  in  a  circular  fashion.  The  shock  is  thus  sus¬ 
tained  by  the  inflow  from  the  high-pressure  outside  region.  It 
finally  interacts  with  the  side  walls  of  the  chamber  in  regular 
reflection,  as  shown  in  Fig.  3.2.  This  shock  wave  is  of  very  short 
duration  and  for  most  practical  Civil  Defense  purposes  is  not  con¬ 
sidered  to  be  an  important  phenomenon. 

The  flow  expansion  around  the  corners  of  the  entrance  produces 
vortices  which  in  turn  cause  a  low  pressure  region  in  this  area. 

Upon  normal  reflection  from  the  back  wall  the  shock  propagates  back 
toward  the  entrance  of  the  room.  However  this  shock  interacts  with 
the  incoming  high  speed  flow  coming  from  the  entrance.  Since  this 
inflow  takes  on  the  form  of  a  strong  jet,  the  reflected  shock  wave 
is  destroyed  by  this  interaction  (see  Ref.  25).  From  this  point  on, 
the  phenomena  in  the  chamber  are  governed  by  the  jet  inflow,  wave 
interactions  becoming  insignificant.  The  flow  behavior  is  essen¬ 
tially  that  of  a  chamber  being  filled  from  a  high  pressure  reservoir. 
In  the  case  of  the  blast  wave  flow,  the  reservoir  pressure  contin¬ 
uously  decreases  while  the  pressure  in  the  chamber  increases.  The 
filling  process  continues  until  the  inside  and  outside  pressures 
equalize.  At  this  time  flow  reversal  occurs  and  outflow  from  the 
chamber  commences. 

The  chamber  filling  phenomena  are  primarily  governed  by  the 
pressure  difference  between  the  chamber  and  the  outside  blast  field. 
The  filling  is  a  relatively  slow  process  and  may  in  a  first  approxi¬ 
mation  be  described  by  a  quasi-steady  behavior. 
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For  pressure  ratios  smaller  than  the  critical  value  (Pchamber^ 
^blast  S  0.528  for  air)  the  mass  flow  rate  is  independent  of  the 
chamber  pressure  and  the  flow  is  choked  at  the  entrance  aperture.. 
This  implies  a  flow  velocity  equal  to  the  sonic  velocity  at  this 
cross  section. 

Since  in  general  the  entrance  configuration  is  not  of  a  smooth 
converging-diverging  shape  no  acceleration  to  supersonic  speeds  of 
the  jet  should  be  expected.  Even  if  a  local  contraction  should 
cause  the  flow  to  accelerate  to  supersonic  speed  in  the  immediate 
vicinity  of  the  entrance,  these  velocities  would  quickly  be  reduced 
(within  one  or  two  entrance  diameters)  to  subsonic  speeds  by  the 
appearance  of  shock  waves  which  will  adjust  the  pressure  in  the  jet 
to  the  surrounding  chamber  pressure.  Thus  maximum  velocities  in 
the  jet  flow  entering  the  chamber  are  subsonic  for  all  pressure 
ratios  across  the  entrance  opening. 

At  pressure  ratios  larger  than  the  critical  value  the  mass 
flow  rate  depends  both  on  the  outside  and  the  chamber  pressure. 

Thus  the  mass  flow  rate  reduces  not  only  because  of  pressure  decay 
in  the  blast  wave  field  but  also  because  of  the  pressure  increase 
in  the  chamber. 

During  the  filling  process  the  flow  entering  the  chamber 
behaves  somewhat  as  a  free  jet  expansion.  However  since  both  up¬ 
stream  and  downstream  conditions  are  changing  continuously,  the 
velocities  in  the  jet  and  its  geometry  (spreading)  are  also  ad¬ 
justing  continuously.  Again  these  phenomena  in  a  first  approxi¬ 
mation  may  be  considered  as  quasi-static.  Obviously  the  flow 
picture  inside  a  cavity  is  further  complicated  by  the  jet  im¬ 
pinging  on  the  back  wall.  This  causes  the  flow  to  turn  90  deg 
and  to  spread  along  the  back  wall.  Encountering  the  side  walls 
of  the  chamber  the  flow  undergoes  an  additional  90  deg  turn.  Thus 
a  general  circulation  is  set  up  throughout  the  room.  The  actual 
pattern  of  the  circulation  depends  on  the  room  geometry.  Highest 
velocities  should  be  expected  in  the  center  of  the  inflowing  jet. 

In  fact  these  velocities  may  be  considerably  higher  than  the 
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particle  velocities  behind  the  shock  which  initially  spreads 
throughout  the  chamber.  Thus  when  considering  vulnerability  of 
equipment  or  shelterees ,  it  should  be  remembered  that  the  severest 
drag  loading  conditions  may  occur  during  the  filling  process 
rather  than  during  passage  of  the  shock  wave. 

An  accurate  analytical  description  of  the  shock  and  cavity 
filling  phenomena  discussed  is  not  feasible  since  the  flow  pro¬ 
cesses  are  three-dimensional  and  nonsteady.  Reasonable  approxi¬ 
mations  of  the  shock  and  flow  behavior  in  shelters  should  result 
for  two-dimensional  numerical  calculations.  First  order  estimates 
of  the  loads  expected  on  shelters  can  be  made  by  simple  one¬ 
dimensional  quasi-steady  analysis.  Since  the  load  prediction 
is  but  a  minor  task  of  the  current  project,  the  latter  approach 
was  used. 

3.2  INTERNAL  PRESSURES  AND  TEMPERATURES 

Pressures  and  temperatures  that  may  be  expected  to  occur 
within  personnel  shelters  as  a  result  of  nuclear  weapon-produced 
blast  when  shelter  doors  are  left  off,  open,  or  when  their  capac¬ 
ity  is  exceeded  are  considered.  These  transient  phenomena  are 
examined  to  determine  the  extent  of  their  influence  on  the  surviv¬ 
ability  of  shelter  occupants. 

Internal  pressure  and  temperature-time  histories  were  cal¬ 
culated  using  an  existing  electronic  computer  program  (Ref. 25  ) 
which  permits  the  computation  of  average  values  of  these  phenomena 
in  chambers  as  a  function  of  time.  Calculations  were  performed 
for  all  gross  shelter  geometries  described  in  Appendix  A  for  a 
free-field  blast  overpressure  range  from  5  to  50  psi  resulting 
from  KT  and  MT  size  weapons.  Typical  pressure  and  temperature¬ 
time  variations  are  shown  in  Figs.  3.3  and  3.4  respectively. 

Since  we  are  dealing  with  average  values  of  these  two  phenomena 
over  the  entire  interior  of  a  given  shelter,  the  influence  of 
partitions  as  well  as  other  obstructions  does  not  enter  into  the 
calculations . 
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Peak  Incident  free-field 


Fig.  3.3  AVERAGE  PRESSURE- TIME  VARIATION  FOR  BASEMENT 
SCHOOL  SHELTER 


Fig.  3.4  AVERAGE  TEMPERATURE -TIME  VARIATION  FOR  BASEMENT 
SCHOOL  SHELTER 
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The  primary  parameters  are  the  shelter  volume  and  the  area  of 
the  inlet.  The  inlet,  consisting  of  the  entranceway  and  air 
intake  shaft  openings,  was  assumed  to  be  a  constant  area  duct. 

For  the  purpose  of  evaluating  the  responses  of  both  the 
structure  and  the  inhabitants  to  the  pressure  and  temperature 
buildup  within,  we  require  the  following  set  of  information: 


•  Peak  average  pressure 

•  Time  to  peak  average  pressure 

•  Initial  pressure  rise  rate 

•  Peak  average  temperature 

•  Time  to  peak  average  temperature 

•  Temperature  at  the  end  of  the  positive  phase. 


This  information,  encompassing  the  specific  range  of  free-field 
blast  overpressure  levels  and  shelter  volume  to  inlet  area  ratios  , 
is  quantified  in  Table  3.1  in  terms  of  the  nondimens ional  param¬ 
eter  b ,  This  parameter  is  defined  as 


(3.7) 


where 

V  is  the  gross  shelter  volume  excluding  partitions, 
stairwells,  etc., 

A  is  the  total  unprotected  inlet  area  which  may 

include  entranceways ,  fresh  air  intake  and  exhaust 
shaft  openings,  etc., 

cQ  is  the  ambient  sound  velocity  (1129  fps)  which  makes 
b  nondimens iona 1 , 

t+  is  the  duration  of  the  positive  phase. 


Data  presented  are  restricted  to  the  range  of  shelter  volume  to 
inlet  area  (V/A)  ratios  indicated  in  Table  3.2  and  to  the  peak 
incident  overpressure  levels  indicated  in  Table  3.1.  The  data 
are  independent  of  weapon  size.  An  additional  restriction  is 
that  temperature  values  given  are  based  on  an  initial  shelter 
temperature  of  70 °F. 
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(ambient  sound  velocity)was  taken  as  1129  fps . 


Variations  of  peak  internal  pressure  and  temperature  with  i 
are  shown  in  Fig.  3.5  and  3.6  respectively.  These  are  plots  of 
data  given  in  Table  3.1.  Peak  average  pressures  and  temperatures 
decrease  with  increasing  values  of  the  parameter  6-  For  a  given 
peak  incident  pressure  level  and  weapon  size  (identified  by  t+)  , 

6  increases  with  increasing  values  of  V/A.  Therefore  for  a  given 
inlet  area,  the  larger  the  shelter  volume,  the  smaller  the  peak 
average  internal  pressure,  temperature,  initial  pressure  rise 
rate  and  the  larger  the  time  to  peak  average  pressure  and  tem¬ 
perature. 

Shelters  considered  (see  Appendix  A)  are  identified  in 
Table  3.2  in  terms  of  their  respective  volumes  and  inlet  areas. 
Cross  volumes  were  used  in  every  case.  Inlet  areas  include  en- 
tranceways  as  well  as  other  inlets  such  as  air  intake  and  exhaust 
shaft  openings.  For  example,  in  the  case  of  basement  school 
shelters  (Table  3.2)  the  inlet  area  (Fig.  A. 11)  consists  of  the 
following: 

Two  personnel  blast  door  openings,  3  ft  by  6  ft  8  in.  each 

Fresh  air  intake  and  exhaust  opening,  2  ft  by  4  ft 

Therefore  in  every  case  considered  we  assume  that  all  shelter 
openings  are  unprotected. 

Peak  average  pressures  and  temperatures  within  each  of  the 
shelters  described,  were  determined  using  data  given  in  Fig  3  J 
and  3,6.  Results  are  listed  in  Table  3.3  and  represent  four 
weapon  sizes  (10,  1.0,  0.5  and  0,2  MT)  and  six  incident  peak 
overpressure  levels  (50,  40,  30,  20,  10  and  5  psi)  In  order  to 
emphasize  variations,  a  portion  of  the  results  given  in  Table  31 
are  also  presented  graphically  in  Fig.  3.7  and  3.8.  As  expected 
the  largest  peak  overpressures  and  temperatures  occur  in  the 
shelter  having  the  least  V/A  ratio,  namely  the  school  basement 
shelter  with  a  capacity  for  550  persons  (Table  3.2), 
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Peak  Average  Internal  Pressure,  psi 
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i  -  V/Acot+ 

V  -  shelter  (cavity)  volume,  cu  ft 
A  *  inlet  area,  sq  ft 
C0ts  ambient  sound  velocity,  fps 
t+=  positive  phase  duration,  sec 


Fig.  3.5  VARIATION  OF  PEAK  AVERAGE  INTERNAL  SHELTER 
PRESSURE  WITH  <t> 


125 


Peak  Average  Internal  Temperature 


^External  Peak  Incident  Overpressure,  psi 


r  s 


4  «  V/AcQt+ 

V  =  shelter  (cavity)  volume,  cu  ft 
A  ■  inlet  area,  sq  ft 
c  ■  ambient  sound  velocity,  fps 
t  =  positive  phase  duration,  sec 
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Fig.  3.6  VARIATION  OF  PEAK  AVERAGE  INTERNAL  SHELTER 
TEMPERATURE  WITH  4 


TABLE  3.3 


Peak  Average  Internal  Pressure,  psi 


Directly  applicable  biological  data  dealing  with  the  response 
of  mammals  to  increased  overpressure  levels  is  currently  limited 
primarily  to  small  animal  species.  According  to  Ref.  26  such 
animals  can  tolerate  high  overpressures  (86  to  170  psi)  provided 
the  pressure  rises  smoothly  and  the  time  to  peak  overpressure  is 
in  excess  of  a  few  tenths  of  a  millisecond  (gradual  rise)  .  Extrapo¬ 
lation  of  such  data  indicates  that  for  a  70  kg  (154.3  lb)  mammal 
the  50  percent  mortality  point  due  to  gradually  rising  overpres¬ 
sures  is  at  75  psi. 

Pressure- time  histories  computed  for  the  subject  shelters 
(see  Fig.  3.3  and  Table  3.1)  fall  well  within  the  gradual  rise 
and  time  to  peak  overpressure  limitations  given.  The  maximum 
value  of  peak  average  overpressure  calculated  for  this  set  of 
shelters  is  18.2  psi  (see  Table  3.3)  which  is  well  below  the 
75  psi  level  for  50  percent  mortality.  It  is  concluded  that  for 
the  specific  range  of  weapon  sizes  and  external  peak  overpressure 
levels  considered,  fatalities  resulting  from  overpressure  buildup 
within  this  set  of  shelters  are  not  expected  to  occur. 

Referring  now  to  air  temperatures  inherent  in  the  blast 
wave,  it  will  be  noted  (see  Fig,  3.4  and  Table  3,1)  that  even 
though  high  values  are  achieved,  the  duration  is  relatively  short 
Average  air  temperature  within  a  shelter  achieves  its  peak  Ln  a 
time  period  of  0.127  to  2,114  sec  (depending  on  overpressure  level 
and  weapon  size),  and  drops  off  to  initial  shelter  temperature 
(70°F)  within  a  time  period  of  about  two  positive  phase  durations. 
Most  of  the  drop-off  is  achieved  at  the  end  of  the  positive  phase. 

For  shelters  considered  herein,  the  maximum  air  temperature 
achieved  is  290°F  (Table  3.3)  and  occurs  in  the  smaller  of  the 
two  school  basement  shelters  (Table  3.2)  at  the  50  psi  overpres¬ 
sure  level  resulting  from  a  10  MT  weapon.  This  is  the  highest 
peak  temperature  achieved  for  the  class  of  shelters  considered 
It  constitutes  a  220°  increase  lasting  less  than  2.07  sec 

Transient  air  temperatures  described  should  not  in  themselves 
constitute  a  serious  hazard  to  sheltered  personnel  (Refs.  27 
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through  32).  According  to  Ref.  28  tolerance  to  air  temperatures 
between  122  to  140°F  runs  into  hours,  since  sweating  response  is 
usually  sufficient  to  keep  storage  of  heat  low,  and  body  temper¬ 
ature  limits  are  not  exceeded  for  a  prolonged  period  of  time. 

;he  temperature  range  of  158  to  248 °F  is  physiologically  noncom¬ 
pensating,  and  vapid  rates  of  heat  storage  in  the  body  give 
tolerance  times  in  the  range  of  20  to  80  min.  In  the  temperature 
range  in  excess  of  248 °F,  tolerance  is  predominantly  limited  by 
pain.  A  series  of  experiments  to  establish  tolerance  levels  for 
temperatures  in  excess  of  200 °F  are  described  in  Ref.  28  .  The 
subjects  were  male  adults  aged  21  to  48,  and  in  good  physical 
health.  Chambers  used  in  producing  pain  limited  heat  exposures 
were  sufficiently  small  so  that  the  heated  aluminum  walls  were 
close  to  the  subject.  The  walls  were  heated  by  multiple  radiant 
sources  capable  of  producing  rapid  rates  of  temperature  increase 
in  the  neighborhood  of  100°F/inin.  Two  forms  of  applying  heat 
to  the  subject  were  used.  The  one  of  interest  here  is  referred  to 
as  the  "abrupt  form";  the  chamber  was  preheated  and  rolled  over 
the  subject  so  as  to  surround  him  in  a  period  of  about  2  sec.  The 
end  point  in  each  experiment  was  set  by  the  subject  when  he 
reached  a  level  of  intolerable  pain  from  heat  exposure.  Results 
are  reproduced  in  Fig.  3.9. 

As  far  as  inhalation  of  hot  air  is  concerned,  it  may  be 
stated  that  air  which  is  hot  enough  to  cause  internal  injuries 
as  a  result  of  inhalation  would  probably  cause  lethal  external 
burns  much  more  rapidly  (Ref.  31).  Temperatures  reached  in  sub¬ 
ject  shelters  (see  Table  3.3)  are  not  sufficiently  high  or  last¬ 
ing  to  be  significantly  hazardous. 

3.3  JET  VELOCITY  AND  MOMENTUM 

In  order  to  establish  an  upper  bound  on  the  velocities  and 
drag  forces  that  may  be  expected  inside  a  shelter  space  the  val¬ 
ues  of  these  quantities  are  computed,  based  on  the  theory  of  free 
jet  expansion.  The  velocity  profiles  obtained  in  incompressible 
flow  are  nearly  identical  with  compressible  flow  profiles,  see 
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Fig.  3.9  TOLERANCE  TIME  FOR  UNPROTECTED  SUBJECTS 

ABRUPTLY  EXPOSED  TO  HIGH  WALL  TEMPERATURES 
(Ref.  28) 


Refs.  33  ,  34  ,  and  35  ,  the  former  will  therefore  be  used  since 
they  can  be  defined  by  simple  mathematical  expressions.  In  gen¬ 
eral,  a  free  jet  issuing  from  a  small  opening  has  a  bell-shaped 
axial  velocity  distribution  as  shown  schematically  in  Fig.  3.10. 

The  velocity  is  a  maximum  at  the  centerline.  The  maximum 
velocity  which  occurs  in  the  opening  from  which  the  jet  originates, 
persists  for  some  distance  into  the  free  jet  in  a  cone-shaped 
region.  Maximum  penetration  occurs  again  at  the  centerline  and 
is  equal  to  approximately  four  diameters  for  an  axisymmetric  jet 
and  about  five  orifice  widths  for  the  plane  two-dimensional  jet. 

Beyond  this  initial  region  of  the  jet,  the  flow  spreads  in 
a  linear  fashion.  For  practical  purposes,  the  behavior  of  axi- 
symmetric  and  plane  jets  is  the  same  and  the  half -width,  or  ra¬ 
dius  b,  of  the  iet  is  given  by  Ref.  35 

b  -  0.22  x  +  b0.  (3.8) 


Here  x  is  the  distance  from  the  opening,  and  bQ  is  the  half- width 
or  radius  of  the  opening.  The  centerline  velocity  of  the  p  .ane 
jet  varies  inversely  with  the  square  root  of  the  distance  from 
the  entrance.  For  the  axisymmetric  case,  it:  varies  inversely 
with  the  distance.  For  turbulent  jets  the  relationships  are 
(Ref.  35  ) 

Plane  Jet 


U, 
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vs- 


Axisymmetric  Jet 
Uc  ~  12.4  Vn" 


U, 


X  -  X, 


(3.9) 


(3.10) 


Here  X  *  X/b  and  b  is  the  opening  half-width  or  radius,  X  is 

the  axial  distance  from  the  entrance,  U0  is  the  entrance  velocity, 

U  the  centerline  velocity  at  distance  X,  and  n  and  X„  are 
c  *  o 
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parameters  which  depend  on  the  flow  coefficient,  i.e.,  on  how 
much  of  the  actual  area  of  the  opening  is  occupied  by  the  jet. 
For  flow  coefficients  of  K“0.70  (used  in  the  cavity  filling 
computations)  we  find  from  the  graphs  in  Ref.  35  that  XQ  is  -  4 
for  the  plane  jet  and  -  3  for  the  axisymmetric  jet.  Similarly, 
we  find  that  the  values  of  n  are  0.81  and  0.71  for  the  plane 
and  axisymmetric  jets,  respectively.  Hence,  we  rewrite  the 
equations  for  the  centerline  velocities  as 


Plane  Jet 


3.8  U 


0.81 


3.42  U 


(3.11) 


Axisymmetric  Jet 
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(3.12) 


It  is  possible  to  give  the  exact  bell-shaped  velocity  distribu¬ 
tion  in  the  main  part  of  the  jet  as  a  function  of  distance  from 
the  entrance  (see  Refs.  33  and  35).  However,  for  the  purpose  of 
estimating  the  effect  on  shelters  ,  it  should  suffice  if  an  aver¬ 
age  velocity  in  the  jet  is  determined.  From  Ref.  35  an  approxi¬ 
mate  formula  for  the  volumetric  rate-of-flow  in  the  jet  is 
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Axisymmetric  Jet 
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Here  Qq  is  the  discharge  rate  at  the  entrance.  Since  the  veloc¬ 
ity  is  given  by  the  discharge  rate  divided  by  the  area,  we  can 
easily  compute  the  average  velocity, 

^average  Q/A. 
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In  the  case  of  the  plane  jet,  A"b,  Q  is  the  discharge  rate,  and 
A  is  the  rate  per  unit  height  of  the  opening.  Here 
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Another  average  velocity  can  be  defined  by  means  of  the  velocity 
distribution  profile,  thus,  for  the  plane  jet 


r1  7 

-  uj  d-el- 
Jo 


)  d£  -  0.45  U 


(3.18 


and  for  axisymmetric  jets: 
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(3.19) 


Here  Uc  is  the  centerline  velocity,  U  the  average  velocity,  and 
(•■y/b,  i.e.  ,  the  variable  defining  the  velocity  profiles. 

It  should  be  noted  that  all  the  above  formulas  are  only  ap¬ 
plicable  in  the  main  portion  of  the  jet,  that  is,  not  in  the 
immediate  vicinity  of  the  entrance.  Further,  the  expressions  for 
average  velocity  based  on  volumetric  discharge  give  the  same  re¬ 
sults  as  those  obtained  from  the  velocity  profile.  To  estimate 
the  momentum  flux  pU  it  is  sufficient  to  use  the  cavity  deisity  H 
with  the  appropriate  velocity. 
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To  obtain  the  variations  in  velocity  and  jet  width  at  a 
particular  location  as  a  function  of  time,  it  is  assumed  that 
the  process  is  quasi-steady.  We  then  simply  determine  the  en¬ 
trance  velocity  from  the  quasi-steady  cavity  filling  calculations. 
When  the  pressure  ratio  exceeds  the  critical,  the  flow  at  the 
entrance  will  be  sonic  and  the  entrance  velocity  is  then  simply 


(3.20) 


where  p  and  p  are  the  blast  wave  pressure  and  density,  re- 
s  s 

spectively . 


For  subsonic  entrance  flow,  we  get 


i 


(3  21) 


These  expressions  together  with  the  preceding  equations  can  then 
be  used  to  estimate  velocities  and  momentum  in  the  shelter  dur¬ 
ing  the  filling  process..  Obviously,  if  precise  information  on 
discharge  coefficients  for  the  inlet,  ducting  is  available,  then 
the  entrance  velocities  can  be  better  estimated  by  multiplying 
the  given  equations  by  the  appropriate  coefficients.  The  ex¬ 
pressions  as  stated  provide  an  upper  limit  of  the  entrance  velocity. 


Using  the  cavity  filling  results  discussed  and  the  theory 
given  herein,  computations  were  performed  to  determine  the  be¬ 
havior  of  the  jet  within  a  shelter  from  the  time  of  blast  arrival 
to  approximately  the  time  when  maximum  cavity  pressures  are 
reached.  Computations  were  performed  for  a  single  shelter  type, 
the  buried  arch,  described  in  Appendix  A.  This  shelter  contains 
the  least  quantity  of  internal  obstructions  (internal  walls, 
partitions,  etc.)  of  the  group  of  shelters  considered,  and  is 
thus  most  adaptable  to  analysis  for  blast  filling  effects  using 
the  one -dimensional  theory. 
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The  entrance,  centerline,  and  average  velocities  at  a  number 
of  locations  within  the  shelter  were  computed  in  addition  to 
momentum  flux.  Such  calculations  were  made  using  assumptions 
based  on  a  plane  and  a  circular  jet.  The  latter  results  in  a 
lower  velocity.  A  flow  coefficient  of  0.7  was  used.  This  value 
was  determined  during  cavity  filling  experiments  (Ref.  25). 

Some  representative  results  are  illustrated  and  discussed. 

Figure  3.11  shows  the  plan  area  of  the  subject  shelter.  Jet 
boundaries  and  positions  along  the  centerline  at  which  velocities 
were  calculated  are  indicated.  For  the  shelter  considered, 

56.2  percent  of  the  floor  area  is  affected  by  the  jet  when  a  plane 
jet  assumption  is  used,  while  60  percent  is  affected  when  a  cir¬ 
cular  jet  assumption  is  considered.  This  is  a  substantial  por¬ 
tion  of  the  shelter  area.  Wind  (particle)  velocity  magnitudes 
within  the  affected  area  are  indicated  in  Fig.  3.12  using  the 
plane  jet  assumption.  Duration  is  ^tween  1.1  and  1.4  sec.  Corre¬ 
sponding  velocities  at  the  entrance  are  shown  in  Fig.  3.13.  These 
are  directly  at  the  entrance  (minimum  duct  area)  and  represent  an 
extreme  condition  for  this  shelter. 

The  data  described  were  used  for  the  purpose  of  analyzing 
the  translation  of  shelter  occupants  when  located  along  the  shelter 
centerline.  The  formulation  of  the  problem  together  with  results 
is  presented  in  Chapter  Five. 
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Particle  Velocity,  fps 


Particle  Velocity,  mph 


CHAPTER  FOUR 


VULNERABILITY  OF  DUAL-PURPOSE  SHELTERS  TO  FIRES 

The  evaluation  of  subject  shelters  (see  Appendix  A)  regarding 
their  vulnerability  to  fires  initiated  by  a  nuclear  detonation  is 
considered.  Rather  than  limit  the  analysis  to  the  selected  shel¬ 
ters,  we  have  developed  general  relationships  which  are  applicable 
to  a  variety  of  situations.  This  approach  provides  better  insight 
into  the  problem.  Methodologies  used  to  evaluate  the  effects  of 
debris  and  mass  fires  on  subject  shelters  are  described  and  the 
information  developed  is  applied  to  the  consideration  of  specific 
examples.  Finally,  a  few  dual-purpose  shelter  sites  selected  in 
the  city  of  Detroit  by  the  Bechtel  Corporation  (Ref.  36)  are  eval¬ 
uated  . 

The  events  of  the  last  war  and  numerous  studies  during  recent 
years,  have  demonstrated  that  a  nuclear  detonation  can  produce  a 
serious  fire  situation  in  an  urban  area.  There  is  concern  as  to 
whether  or  not  dual-purpose  shelters  can  adequately  protect  occu¬ 
pants  against  fire  effects.  In  particular,  this  question  was 
brought  into  focus  by  the  experiences  with  the  Hamburg  fire  storm 
(Ref.  37).  There  is  little  disagreement  about  the  severity  of  the 
resulting  destruction  and  the  fact  that  large  percentages  of  the 
population  originally  from  the  fire  storm  area  were  able  to  sur¬ 
vive;  there  is  some  uncertainty  about  whether  most  people  escaped 
the  area  before  the  fire  storm  developed  or  were  protected  by 
shelters.  Even  though  such  uncertainty  exists,  the  Hamburg  experi¬ 
ence  cannot  be  dismissed  out  of  hand.  The  Hamburg  experience  con¬ 
stitutes  an  extreme  case  if  it  is  remembered  that  very  few  U.S. 
cities  are  as  densely  built  up.  The  phenomenon  of  free  burning 
fires  is  highly  environment -dependent ;  thus,  a  shelter  structure 
may  be  safe  in  one  situation  and  vulnerable  in  another.  For  this 
reason,  it  is  impossible  to  assign  a  degree  of  fire  safety  to  a 
structure  without  considering  its  surroundings. 

This  is  especially  true  with  fires  produced  by  a  nuclear  deto¬ 
nation  in  which  a  dual-purpose  shelter  may  be  exposed  to  a  variety 
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of  f-fre  effects  (mass  fires,  debris  fires,  structural  fires  ,  etc. )  . 

It  can  be  expected  that  the  sites  for  such  shelters  will  be  sel¬ 
ected  with  fire  safety  in  mind,  isolated  from  other  structures  by 
at  least  40  ft,  so  that  in  the  absence  of  mass  fires  the  thermal 
effects  of  nearby  burning  structures  on  the  shelter  will  be  of 
little  significance.  On  the  other  hand,  it  is  not  always  possible 
to  provide  situations  which  protect  dual-purpose  structures  against 
the  effects  of  debris  or  mass  fires.  The  studies  described  herein 
concern  these  threats.  Consideration  is  given  only  to  thermal 
effects  since  the  state-of-the-art  is  rot  sufficiently  advanced 
to  evaluate  the  movement  of  combustion  products  into  the  shelter 
area  from  externally  burning  fires.  Available  information  is 
limited  primarily  to  the  effects  of  fire  gases  on  people  which 
is  treated  extensively  in  the  existing  literature  (Ref.  38)  . 

4. 1  DEBRIS  FIRES 

The  blast  effects  from  a  nuclear  detonation  produce  debris 
containing  both  incombustible  and  combustible  material.  The  latter 
may  have  been  ignited  by  the  thermal  pulse  and  continue  to  burn 
although  displaced  by  the  blast  from  its  original  location.  This 
then  results  in  what  is  commonly  called  a  debris  fire. 

There  are  many  uncertainties  connected  with  evaluating  the 
effects  of  debris  fires  on  dual-purpose  shelters.  These  pertain 
to  the  distribution  of  the  debris  ,  and  the  amount  and  nature  of 
combustible  material  concerned.  Past  studies  of  debris  distribu¬ 
tion  dealt  predominately  with  incombustible  material.  Existing 
information  is  either  of  a  very  detailed  nature  or  uses  a  simpli¬ 
fied  approach  of  uniformly  distributing  the  estimated  amount  of 
structural  material  over  some  preassigned  area.  The  latter  method 
is  certainly  more  readily  usable,  and  may  be  fairly  accurate  in 
homogeneously  built-up  areas.  This  is  probably  not  the  case  with 
the  sites  of  many  dual-purpose  shelters  in  nonhomogeneous  areas. 
Nevertheless  ,  the  methodology  of  uniform  debris  distribution  seems 
the  most  appropriate  at  this  time  and  by  judicially  selecting 
areas  of  possible  debris  deposition,  conservatively  probable  re¬ 
sults  can  be  produced.  This  approach  has  been  chosen  for  evaluating 
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the  effects  of  debris  fires  on  dual-purpose  shelters  selected  by 
Bechtel  Corporation  (Ref.  36)  and  discussed  in  Subsection  4.5. 


The  amount  of  combustibles  contained  in  debris  is  a  func¬ 
tion  of  the  combustibles  contained  in  the  structures  from  which 
the  debris  has  been  produced.  This  encompasses  contents  as  well 
as  structural  members.  Both  can  be  fairly  well  evaluated  for  given 
structural  characteristics  and  occupancies.  Calculations  of  this 
sort  for  a  number  of  structures  are  presented. 

Another  uncertainty  connected  with  the  consideration  of  de¬ 
bris  fires,  is  the  characteristics  of  fuel.  It  can  be  speculated 
that  the  nature  of  heat  release  by  the  debris  fires  is  a  function 
of  (1)  the  amount  of  contained  fuel,  (2)  the  fineness  of  the  fuel, 
and  (3)  the  amount  of  incombustible  materials.  At  this  time  in¬ 
sufficient  information  is  available  to  account  for  the  effectr  of 
these  factors  on  the  heat  output  from  the  debris  fires.  At  best, 
one  can  select  some  suitable  parameter  for  characterizing  the  heat 
release  from  such  fires.  In  the  analysis  presented,  the  total 
amount  of  fuel  is  selected  for  this  purpose. 

4.1.1  Debris  Fire  Experiments 

Until  recently  most  of  the  information  pertaining  to  heat 
fluxes  from  debris  fires  was  of  a  qualitative  nature,  based  on 
highly  idealized  assumptions.  Some  described  temperature  levels 
found  in  smolaering  debris,  others  attempted  to  show  that  under 
conditions  of  sufficient  thermal  resistance,  the  heat  output  from 
debris  fires  is  insufficient  to  affect  the  shelter  environment. 
Although  these  data  provide  insight  into  the  characteristics  of 
debris  fires  ,  they  do  not  lend  themselves  to  calculation  of  heat 
fluxes . 

Information  suitable  for  this  purpose  was  derived  from  ex¬ 
perimental  studies  conducted  by  IITRI  which  were  designed  to  de¬ 
termine  the  temperature  levels  of  surfaces  of  concrete  slabs 
exposed  to  debris  fires  (Ref. 39).  One  full-scale  and  four  labor¬ 
atory  experiments  were  conducted.  The  laboratory  experiments  in¬ 
volved  3-1/2  in.  thick,  8  x  8  ft  concrete  slabs,  subjected  to  four 
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types  of  debris  fires.  Combustible  and  incombustible  materials 
contained  in  these  fires  are  listed  in  Table  4.1.  The  full-scale 
experiment  involved  an  8-1/2  in.  composite  concrete  floor  exposed 
to  a  6  psf  debris  fire  with  very  little  incombustible  material 
present.  It  corresponds  to  the  situation  of  a  combustible  struc¬ 
ture  with  contents  burning  in  the  top  of  the  shelter.  The  collapse 
of  the  building  roof  onto  the  debris  during  the  experiment  pre¬ 
vented  heat  release  and  increased  the  severity  of  heat  flow  into 
the  shelter.  Because  of  these  characteristics  the  full-scale  ex¬ 
periment  is  treated  by  itself,  separately  from  the  laboratory  fires. 

TABLE  4.1 


COMPOSITION  OF  DEBRIS  FIRES  IN  THE  IITRI  EXPERIMENTS 


Experiments 

Combustibles (psf) 

Incombustibles  (psf) 

1 

6.5 

8.6 

2 

16.5 

93.0 

3 

18.5 

16.0 

4 

38.6 

113.0 

4.1.2  Heat  Flow  Analysis 

The  heat  flow  rates  into  the  shelter  are  calculated  utiliz¬ 
ing  the  experimentally  determined  temperatures  of  exposed  and 
unexposed  surfaces  of  the  concrete  slab  and  floor,  described  in 
Subsection  4.1.1,  subjected  to  the  debris  fires.  A  computer  code 
was  developed  which  calculates  the  heat  conduction  through  a  slab 
with  radiative  and  convective  heat  flow  at  its  surfaces.  Were  the 
physical  properties  of  the  concrete  used  in  the  experiments  known, 
the  code  could  readily  predict,  from  measured  temperatures  of  the 
exposed  surface,  the  heat  fluxes  produced  by  the  debris  fires. 
Since  the  physical  properties  were  unknown,  it  was  necessary  to 
use  a  trial  and  error  method. 

This  is  accomplished  by  performing  the  calculations  with  as¬ 
sumed  properties  and  comparing  the  computed  temperature  of  the 
unexposed  surface  with  the  experimentally  determined  ones. 
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Calculations  are  repeated  with  various  property  values  until  satis¬ 
factory  agreement  is  obtained.  Properties  which  provide  the  best 
agreement  are  then  used  to  calculate  the  gradient  at  the  exposed 
surface  corresponding  to  the  net  heat  flux  into  the  concrete  slab. 

The  information  thus  determined  on  time -dependent  heat  fluxes 
produced  in  the  debris  fire  experiments  is  subsequently  extended  to 
cover  other  fuel  load  cases  and  used  to  calculate  the  heat  flow 
through  concrete  slabs  of  various  thicknesses.  The  calculation 
assumes  that  debris  fires  burn  only  for  13  hr.  After  this  period 
the  ashes  act  as  an  insulator  for  the  exposed  surface  which  cools 
by  heat  loss  into  the  shelter  environment  only. 

The  results  of  the  analysis  are  presented  In  Figs.  4.1  through 
4.5.  Heat  fluxes  into  the  shelter  produced  by  the  full-scale  de¬ 
bris  fire  (~  100  percent  fuel)  under  the  collapsed  roof  are  given 
in  Fig.  4.6.  The  results  given  in  these  figures  should  be  con¬ 
sidered  as  tencative  until  more  information  pertaining  to  other 
factors  affecting  debris  fires  is  obtained. 

4.2  FIRE  STORM 

In  spite  of  valuable  Information  provided  by  various  studies 
concerned  with  the  phenomenon  of  the  fire  storm,  it  cannot  be  de¬ 
scribed  in  sufficient  detail  to  enable  calculation  of  the  heat  flux 
into  a  shelter.  The  available  knowledge  indicates  that  maximum  air 
temperatures  within  the  fire  storm  region  may  be  in  excess  of  2000 °F, 
accompanied  by  air  velocities  over  50  mph.  If  one  considers  average 
conditions ,  these  may  correspond  to  air  temperatures  on  the  order 
of  400 °F.  The  temperature  which  may  prevail  in  the  vicinity  of  a 
shelter  cannot  be  predicted  from  existing  information. 

Consequently,  calculations  are  performed  for  both  the  peak 
(2000°F)  and  the  average  (400°F)  expected  temperatures.  The  fluxes 
into  the  shelter  are  computed  for  radiative  and  convective  heating 
of  the  exposed  surface,  using  an  emittance  of  0.9  Btu/hr  sq  ft, 
since  past  experience  has  shown  that  the  air  within  the  fire  storm 
region  contains  considerable  quantities  of  solids.  A  50  mph  air 
velocity  is  used  to  evaluate  the  heat  transfer  coefficient. 
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HEAT  FLOW  FROM  DEBRIS  FIRE  INTO  THE  SHELTER  PER  SQUARE  FOOT 
OF  EXPOSED  CEILING  AS  A  FUNCTION  OF  FUEL  LOAD 
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Fig.  4.5  HEAT  FLOW  FROM  DEBRIS  FIRES  INTO  THE  SHELTER  PER  SQUARE  FOOT 
OF  EXPOSED  CEILING  AS  A  FUNCTION  OF  FUEL  LOAD 
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FOOT  OF  EXPOSED  CEILING 


A  2  hr  duration  of  fire  storm  is  assumed,  after  which  time  the  ex¬ 
posed  surface  is  cooled  by  a  70°F  wind  moving  at  15  mph.  Results 
of  the  calculated  fluxes  for  various  concrete  thicknesses  are  given 
in  Fig.  4.7. 

4.3  FIRE  VULNERABILITY  OF  SELECTED  SHELTERS 

As  mentioned  ,  the  shelter  site  selection  contributes  to  max¬ 
imum  protection  from  certain  types  of  fires  but  debris  and  mass 
fires  remain  as  threats.  The  effects  of  these  can  readily  be  de¬ 
termined  from  the  relationships  given  in  Figs.  4.J  to  4.7.  The 
graphs  were  calculated  assuming  that  sufficient  ventilation  is 
provided  under  a  LI  conditions  to  maintain  a  constant  shelter  tem¬ 
perature  of  80°F.  The  heat  fluxes  into  the  shelter  shown  in  these 
figures  are  due  to  temperature  rise  of  the  under  surface  of  the 
ceiling  causing  convective  and  radiative  heat  flow.  The  convective 
coefficient  used  is  0.1  Btu/hr  sq  ft  as  recommended  by  the  ASHRAE 
Guide  (Ref.  40) for  downward -facing  heated  surfaces. 

In  order  to  use  the  graphs  of  Figs .  4.1  to  4 . 7 ,  the  thick¬ 
ness  of  the  shelter  ceiling  and  the  expected  amount  of  debris  fuel 
must  be  known.  The  former  is  a  function  of  the  design  overpressure 
and  has  been  prescribed  for  the  shelters  considered.  The  amount 
of  fuel  in  the  expected  debris  fires  depends  on  whether  it  arises 
from  initial  content  or  deposits  from  other  structures.  In  the 
first  case,  the  fuel  density  can  be  inferred  from  knowing  the  oc¬ 
cupancy  of  the  structure  housing  the  dual-purpose  shelter.  The 
latter  requires  knowledge  of  occupancy  and  structural  characteris¬ 
tics  of  the  debris -producing  structures  affecting  the  shelter.  For 
the  purpose  of  this  study  the  Blast  Resistant  School  and  Com¬ 
munity  Shelter  (Ref.  15)  is  assumed  to  contain  1  psf  of  fuel.  A 
fuel  loading  of  5  psf  is  selected  for  the  other  shelters  which  are 
presumed  to  be  covered  by  debris  from  nearby  structures.  Of  course 
this  value  may  vary  depending  on  the  situation  encountered,  how¬ 
ever,  5  psf  seems  to  be  on  the  conservative  side. 

Based  on  these  assumptions  the  heat  fluxes  into  the  selected 
shelters  are  summarized  in  Table  4.2.  The  values  given  are  British 
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thermal  units  per  hour  per  square  foot  of  ceiling  area  and  can  be 
used  to  calculate  the  ventilation  requirements  to  maintain  the 
desired  levels  of  shelter  temperatures.  For  example,  a  10-in. 
thick  ceiling  in  the  Blast  Resistant  School  may  permit  36  Btu/hr 
sq  ft  heat  or  360  Btu/hr  per  occupant  assuming  a  10  sq  ft  area 
allocation  for  each  occupant  from  debris  fire. 

For  any  prescribed  condition  of  air  supply  and  effective  tem¬ 
perature  of  the  shelter  air,  the  ventilation  rate  (V(J)  required 
to  remove  the  additional  heat  flow  (Qg)  can  be  readily  determined 
by  satisfying  the  following  equations: 
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are  sensible  and  latent  heats,  respectively,  produced  by  each 
occupant  (Btu/hr);  QE  is  the  heat  flow  into  the  shelter  from  de¬ 
bris  fire  (Btu/hr  -10  sq  ft);  VR  is  the  ventilation  rate  (cu  ft/min)  ; 
p  is  the  air  density  (pcf) ;  and  Wg  and  WQ  are  specific  humidities 
of  shelter  and  supply  air  (lb  water/lb  dry  air),  respectively.  It 
is  noted  that  Eq.  (4.1)  gives  only  approximare  ventilation  rates. 
However,  the  error  introduced  is  small  and  well  within  the  accuracy 
of  the  heat  conduction  analysis. 


Equations  (4.1)  and  (4.2)  are  used  to  perform  sample  calcula¬ 
tions  of  ventilation  rates  per  occupant-  required  to  maintain  the 
effective  temperature  of  *-  82  °F  within  the  shelter  when  the  shelter 
i3  subjected  to  various  heat  fluxes  from  debris  fires.  The  dry 
and  wet  bulb  temperatures  of  the  additionally  supplied  air  are  as¬ 
sumed  to  be  75°  and  67°F,  respectively.  The  barometric  pressure 
is  taken  to  be  29.92  in.  of  mercury.  Results  of  the  calculations 
are  shown  in  Fig  4.8.  Similar  relationships  can  be  developed  for 
other  conditions  of  air  supply  and  effective  temperatures  of  the 
shelter . 
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^0*^  Supply  Air 

tDB  =  75°F 
CWB  =  67°F 

Shelter  Effective  Temperature  82°F 


Heat  Flow  from  Debris  Fire,  Btu/hr-10  ft 

Fig.  4.8  VENTILATION  RATES  REQUIRED  PER  OCCUPANT 
FOR  VARIOUS  HEAT  FLOW  FROM  DEBRIS  FIRES 
TO  MAINTAIN  ET=82°F  WITHIN  THE  SHELTER 


The  results  of  Table  4.2  show  that,  except  for  high  fuel  load¬ 
ing  accompanied  by  che  collapse  of  the  roof,  doubling  the  ventila¬ 
tion  with  a  21-in.- thick  ceiling  is  sufficient  to  maintain  a  func¬ 
tional  shelter  environment  for  most  debris  fires.  Because  ventila¬ 
tion  may  not  be  possible  during  the  fire  storm  period,  even  the 
assumed  400  °F  average  air  temperature  may  produce  an  untenable  shel¬ 
ter  environment.  It  must  be  emphasized  however  that  this  level  of 
temperature  represents  an  upper  bound  of  practical  experiences. 

The  ventilation  estimates  based  on  the  results  of  Table  4.2 
neglect  any  addition  of  moisture  driven  from  the  heated  concrete. 
Tests  with  concrete  floors  (Ref.  41)  and  IITRI  experiments  (Ref.  39) 
demonstrate  that  concrete  when  heated,  emits  moisture.  The  complexi¬ 
ty  of  the  moisture  problem  does  not  allow  its  treatment  within  the 
scope  of  the  present  effort.  This  type  of  moisture  emission  should 
not  constitute  a  serious  problem  in  the  vast  majority  of  practical 
Civil  Defense  shelters. 


4.4  REMEDIAL  ACTION 


Various  steps  can  be  taken  by  the  designer  and  the  occupants 
of  dual-purpose  shelters  to  protect  the  shelter  against  thermal 
effects.  The  designer  can  use  thick  ceilings.  In  situations  in 
which  this  is  impractical,  radiation  shields  can  be  incorporated 
to  substantially  reduce  the  heat  flow  into  the  shelter  area.  The 
shields  also  serve  as  moisture  barriers  which  may  be  of  consider¬ 
able  significance  for  maintaining  a  successful  shelter  environment. 

Required  activities  of  the  occupants  are  obviously  those 
which  reduce  fire  hazards;  these  steps  could  be  taken  both  before 
and  after  detonation.  Steps  taken  before  involve  removal  of  fuel 
situated  over  the  shelter  ceiling  or  its  placement  in  positions 
shielded  from  the  thermal  pulse.  Suppression  of  all  incipient  fires 
immediately  following  the  detonation  and  removal  of  any  debris  de¬ 
posited  over  the  shelter  eliminate  the  fire  hazard  to  the  shelter. 
This  suggests  that  dual-purpose  shelters  should  contain  equipment 
suitable  for  debris  removal. 

4.5  EVALUATION  OF  FIRE  VULNERABILITY  OF  SHELTERS 
SELECTED  BY  BECHTEL  CORPORATION  (Ref.  36) 

As  mentioned,  the  sites  for  dual-purpose  shelters  are  selec¬ 
ted  to  provide  maximum  protection  from  possible  fire  effects.  With 
this  in  mind,  the  Bechtel  Corporation  selected  numerous  locations 
in  Detroit,  Michigan,  as  possible  sites.  A  pilot  fire  vulnerability 
study  was  conducted  using  Zone  7  of  the  Bechtel  study  (Ref.  36)  to 
evaluate  how  well  these  sites  are  protected  against  fire  effects. 

The  possible  effects  of  nearby  burning  structures  and  debris  fires 
are  the  prime  concern  in  this  respect.  A  quick  review  of  the  se¬ 
lected  shelter  sites  reveals  that  the  choice  of  Zone  7  is  good, 
and  burning  nearby  structures  will  have  little  thermal  effect  on 
the  shelters.  However,  the  debris  problem  requires  more  careful 
examination. 

The  existing  literature  does  not  detail  the  effect  of  blast 
on  striated  structural  materials,  such  as  wood,  which  has  greatly 
differing  properties  in  transverse  and  longitudinal  directions. 
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Nor  is  information  available  on  the  trajectory  differences  of  mate¬ 
rials  of  differing  densities  and  thicknesses.  The  fire  problem  is 
further  clouded  by  differences  in  philosophies  for  prediction  of 
debris  formation  and  trajectories.  Thus,  Ahlers  and  Feinstein 
(Ref.  42  and  43)  have  frangible  particles  flying  farther;  and  Rotz 
(Ref.  44)  presumes  that  the  debris  will  fill  empty  spaces  (lots, 
alleys  and  streets)  to  a  uniform  depth. 

The  approach  used  is  to  estimate  the  combustible  components 
as  well  as  the  incombustible  ones  in  typical  structures  and  to  dis¬ 
tribute  these  components  over  a  predetermined  area.  Table  4.3  ex¬ 
presses  the  cubic  feet  of  debris  produced  per  square  foot  of  original 
house  area  for  several  typical  house  structures.  For  calculation 
purposes  a  basic  house  size  of  1200  sq  ft  is  assumed.  In  actual 
practice,  smaller  structures,  being  less  efficient  in  space  utiliza¬ 
tion,  contain  somewhat  more  wall  material  per  unit  area. 


TABLE  4.3 

ESTIMATED  COMBUSTIBLE  AND  NONCOMBUSTIBLE  COMPONENTS 
OF  SEVERAL  TYPICAL  STRUCTURES 


Structural 

Noncombustible 

Debris 

(cu  ft/sq  ft) 

Combustible  Debris(cu  ft/sq  ft) 

Type 

Structural 

Contents 

One-Story  Frame 
Garage 

0.10 

0.25 

0  -  0.03 

One-Story  Frame 
Dwelling 

0.15 

0.80 

0.15 

One-Story  Brick 
Dwelling 

1.30 

0.55 

0.15 

Two-Story  Frame 
Residence 

0.25 

1.10 

0.20 

Two-Story  Brick 
Veneer  Residence 

1.75 

1.00 

0.20 

Two-Story  Brick 
Residence 

2.10 

0.80 

0.20 

Three -Story  Brick 
Flat  or  Apartment 

3.90 

1.26 

0.27 

School  House  -  Noncombustibles  calculated  as  10  cu  ft  debris/ 
story  ft  of  perimeter  plus  5  cu  ft/story  ft  for 
corridors  (estimated  classroom  size  30  x30  ft). 


-  Combustible  estimated  at  38  lb/pupil. 
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Because  the  structures  are  in  an  old  area  of  the  city ,  they 
are  assumed  to  be  one-  and  two-story  dwellings,  and  three-story 
apartments  or  flats.  This  assumption  increases  the  combustible 
content7 of  the  two-story  structures  above  the  average.  However, 
offsetting  this  is  the  probably  heavier  loading  in  some  of  che 
stores  which  are  marked  but  not  identified  as  to  type  in  the  Sanborn 
maps  used  in  the  study. 

The  original  assumption  of  uniform  distribution  of  debris 
from  any  structure  within  a  200  ft  radius  results  in  very  low  de¬ 
bris  depths,  particularly  of  the  combustible  debris  However,  if 
the  radius  is  increased,  the  debris  deptn  and  amount  of  combustible 
debris  increase.  Therefore  the  original  200  ft  radius  was  increased 
to  300  ft. 

The  results  of  the  analysis  of  those  shelters  studied,  are 
summarized  in  Table  4.4.  The  most  serious  result  is  Site  7-8, 
where  a  predicted  debris  depth  of  1.7  ft  with  a  potential  fuel 
load  of  7  psf  would  produce  a  heat  flow  of  40  Btu/hr  sq  ft  into 
the  shelter  (according  to  Figs.  4.1  through  4.5).  For  this  heat 
flux,  conditions  within  the  shelter  would  be  intolerable  unless 
the  ventilation  requirements  are  doubled  or  countermeasures  insti¬ 
tuted. 

TABLE  4.4 


FIRE  VULNERABILITY  OF  SHELTERS  IN  DETROIT,  MICHIGAN, 
ZONE  7  OF  BECHTEL  STUDY  (Ref. 36) 


Shelter 

Area 

1 

l 

Debris 

Depth 

(ft) 

Debris  Composition 
Percent 

Maximum 
Heat  Flux 
into 
Shelter 
(Btu/hr  sq  ft) 

Radius 

of 

Debris 

Scatter 

(ft) 

Rubble 

Combustibles 

7-1 

0.24 

El 

38.0 

12.0 

9 

■■ 

'  7-2 

1.00 

n 

38.0 

12.0 

26 

7-3 

0.54 

50 

38.5 

11.5 

16 

200 

7-3 

0.58 

50 

37.6 

12.4 

17 

300 

7-4 

0.91 

50 

33.8 

16.2 

32 

300 

7-5 

0.50 

50 

34.6 

15.4 

20 

200 

7-5 

1.20 

50 

37.5 

12.5 

32 

300 

7-8 

! 

i 

1.70 

50 

35.9 

14.1 

40 

300 
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CHAPTER  FIVE 

SURVIVABILITY  AGAINST  BLAST-INDUCED  AIRFLOW 

This  chapter  is  concerned  with  the  survivability  of  shelter  oc 
cupants  when  subjected  to  blast-induced  airflow  if  the  blast  doors 
are  left  off  or  open.  Specifically,  we  are  concerned  with  over¬ 
pressures  which  will  cause  fatalities  to  personnel  as  a  result  of 
impacting  a  rigid  object. 

When  a  shelteree  impacts  with  a  rigid  object  such  as  an  RC 
wall  or  floor,  fatalities  may  be  produced  at  relatively  low  veloc¬ 
ities  (in  the  range  of  10  to  15  fps) .  Considering  the  density  of 
shelterees  in  any  given  shelter  (10  sq  ft  per  person) ,  it  seems 
likely  that  numerous  persons  undergoing  translation  will  collide 
with  other  shelterees  before  encountering  a  rigid  object.  In  addi¬ 
tion,  those  shelterees  who  are  close  to  a  wall  will  not  be  accel¬ 
erated  to  high  speeds  before  impacting  the  wall.  For  these  rea¬ 
sons,  the  impact  criteria  given  in  Ref.  50  is  more  appropriate  for 
shelters  considered  herein  than  the  10  to  15  fps  range  given  above. 
Data  given  in  Ref.  50  and  reworked  in  Ref.  61  is  reproduced  below. 
Strictly  speaking,  these  values  are  applicable  to  a  70  kg  animal 
but  are  here  assumed  to  be  applicable  to  the  general  shelter 
population. 

Mortality  versus  Impact  Speed,  v^mp 

Threshold  20.9  fps 

10%  24.7 

50%  26.2 

90%  27.7 

95%  27.9 

In  this  study  we  are  specifically  concerned  with  overpressure 
which  will  produce  fatality  to  personnel  at  the  95  percent  level. 
Shelteree  acceleration  hazards  other  than  impact  are  not  consid¬ 
ered  in  this  study  though  their  probable  occurrence  is  recognized 
as  discussed.  The  effects  of  acceleration  of  short  duration  with 
respect  to  ejection  from  jet  aircraft  are  discussed  in  Ref.  62  and 
briefly  summarized  herein. 

When  a  pilot  is  ejected  from  an  aircraft,  the  airstream  en¬ 
countered  exerts  on  him  an  aerodynamic  pressure  referred  to  as  wind- 
blast,  ram  pressure  or  "q".  The  effects  can  be  divided  into  those 
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produced  by  direct  pressure  on  the  body,  and  those  produced  by 
flailing  of  the  head  and  other  extremeties.  The  results  of  the 
study  (Ref.  62)  indicate  that  the  threshold  of  injury  in  ejection 
seats  with  little  or  no  restraint  appears  to  lie  in  the  region  of 
a  q  of  about  4.5  psi  while  fatal  injury  probably  occurs  at  a  q  of 
8.5  psi  or  more  under  similar  conditions.  In  20  U.S.  Air  Force 
ejections  at  speeds  between  550  and  650  knots  where  q  loads  of 
between  7  and  10  psi  were  involved,  nine  fatalities  and  eight 
major  injury  cases  occurred,  all  largely  attributable  to  wind- 
blast.  It  is  postulated  herein  that  when  a  shelteree  is  located 
in  a  portion  of  a  shelter  that  is  subject  to  the  onslaught  of  a 
jet,  the  resultant  acceleration  may  be  likened  to  that  experienced 
by  a  pilot  who  is  ejected  from  an  aircraft  at  hign  speed. 

The  hydrodynamic  computational  methods  available  are  limited 
to  a  one-dimensional,  timewise  description  of  the  flow  field  in¬ 
side  a  shelter;  obviously,  shelters  containing  many  partitions 
could  not  be  properly  analyzed  for  the  resulting  internal  airflows. 
Consequently,  the  study  is  limited  to  the  single  room  arch  type 
shelters  (Fig.  3.11).  The  flow  field  resulting  from  the  blast 
wave  entering  the  room  is  assumed  not  to  be  affected  by  the  pres¬ 
ence  of  the  shelter  occupants.  To  actually  account  for  the  ef¬ 
fect  of  the  occupants  on  the  flow  field  would  require  at  least  a 
two-dimensional  computational  procedure. 

Briefly,  thsre  are  two  phases  in  the  one- dimensional  flow 
field  used,  namely,  tne  shock  diffraction  phase  (SDP)  and  the 
drag  phase  (DP).  As  the  names  imply,  the  SDP  phase  is  a  result 
of  the  initial  shock  which  enters  the  shelter  and  the  DP  phase  is 
a  result  of  the  large  particle  velocities  which  exist  behind  the 
shock.  The  SDP  phase  exerts  primarily  horizontal  forces  on  the 
man,  whereas  the  DP  phase  can  produce  both  horizontal  (drag)  and 
vertical  (lift)  forces.  The  lift  forces  are  present  if  the  body 
tilts  from  its  initially  vertical  position.  The  inclined  body 
behaves  as  an  airfoil  wherein  the  lift  may  be  either  positive  or 
negative  depending  on  whether  the  tilt  is  toward  or  away  from  the 
direction  of  flow. 
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5.1  GOVERN TNG  EQUATIONS  OF  MOTION  FOR  A  TUMBLING  MAN 

The  development  and  integration  of  the  governing  equations 
of  motion  for  the  tumbling  man  model  are  presented.  The  man  is 
assumed  to  be  a  single  rigid  body  of  mass  acted  upon  by  two  posi- 

rwrirn  - 

tion  and  time  dependent  forces  D(x,y,9,t)  and  L(x,y,0,t),  the 
drag  and  lift  forces  respectively.  The  response  motion  is  con¬ 
sidered  to  be  planar,  thus  only  three-degrees -of- freedom  are 
necessary  to  describe  the  position  of  the  man  at  any  given  instant 
of  time;  namely,  the  two  horizontal  and  vertical  coordinates  of 
the  center  of  gravity  and  the  angular  center  of  gravity  rotation 
(x(t)  ,  y(t) ,  0(t))  respectively. 

The  man  is  initially  assumed  to  be  either  standing  (Fig.  5.1), 
prone  (Fig. 5.2)  or  sitting  (Fig.  5.3).  A  generalized  orientation 
model  is  shown  in  Fig.  5.4.  By  appropriately  defining  the  param¬ 
eters  h,  ,  S2  and  d^,  all  three  tumbling  man  configurations 
can  be  made  a  special  case  of  the  generalized  model.  Consequently, 
we  need  only  develop  the  equations  of  motion  for  this  one  case. 

5.1.1  Governing  Equations 

Six  possibly  distinct  modes  of  motion  are  considered  in  the 
tumbling  man  analysis  and  are  summarized  below: 

Mode 

1  Free- Free 

2  Sliding  only 

3  Tipping  only  (right  end) 

4  Tipping  only  (left  end) 

5  Tipping  (right  end)  and  sliding 

6  Tipping  (left  end)  and  sliding 

The  forces  acting  in  each  of  these  six  cases  are  represented  in 
Fig.  5.5.  In  each  case  the  equations  of  motion  for  the  center 
of  gravity  coordinate  (x,y,0)  are  given  by  the  equations, 

2F  «m^x  SF  .  (5.1) 

x  dtz  y  dt  dtZ 
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Fig.  5.1  TUMBLING  MAN  NOTATION,  STANDING  CONFIGURATION 


Lift 


Mode  1 
Free-Free 


Mode  2 
Sliding 


Fig.  5.5  SIX  POSSIBLE  MODES  OF  MOTION 


subject  to  constraints  F£(x,y,0,x,y  ,6,t)  *  0 

i  =  1,2,2. .  .1 

The  terms  >' F  ,  ,  V  M  refer  to  the  summation  of  the  hori- 

^  y 

zontal  forces,  vertical  forces  and  moments,  each  taken  about  the 
center  of  gravity.  This  expression  differs  of  course,  according 
to  which  of  the  six  modes  of  Fig.  5.5  we  refer.  The  i  =  l,2,...I 
functions  refer  to  geometrical  constraints  relating  to  any  de¬ 
pendence  between  the  variables  9,x,y  (e.g.  ,  fhe  pivot  in  mode  3 
implies  that  y  =  ^  cos^'Q)  an<*  x  =  r0“r2  where 

and  xQ  are  known  constraints).  There  will  always  be  enough 
constraint  equations  available  so  that  the  unknowns  in  the  prob¬ 
lem  (x,y  >e>Fvi’Fv2  ,FH1’FH2^  balance  the  number  of  equations  they 
must  satisfy  (three  equations  of  motion  (5.1)  and  one  constraint). 
In  general,  the  final  form  of  the  governing  equations  will  be 
nonlinear  and  thus  must  be  numerically  integrated.  The  nonlin¬ 
earity  arises  from  the  nonlinear  constraints  and  the  fact  that 
the  lift  force  (L)  ,  drag  force  (D)  and  center  of  eravity  distances 
(A, 6)  are  prescribed  nonlinear  functions  of  x,  y  and  0.  The 
functional  dependence  of  the  quantities  of  x,  y  and  0  are  dis¬ 
cussed  in  detail  in  Subsection  5.2. 


For  the  purpose  of  setting  up  the  numerical  integration,  we 
represent  the  governing  equations  in  terms  of  a  set  cf  six  simul¬ 
taneous  first  order  equations  with  x,  y,  9,  ^r,  ^  as  the 

unknowns  to  be  determined.  All  the  reaction  forces  can  be  elimi¬ 
nated  from  the  equations  of  motion  via  the  constraint  relations. 
The  resulting  first  order  form  of  the  governing  equations  for  each 
of  the  six  modes  shown  in  Fig.  5.5  are  given.  The  unknowns  are 
relabeled  accordingly, 


0 

d0/dt 

x 

dx/dt 

y 

dy/dt 


(5.2) 
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Mode  1:  (free-free) .--This  mode  prevails  whenever  the  ver¬ 
tical  reactions  require  a  negative  value  (since  the  ground  can 
only  provide  an  upward  resistance,  the  body  will  lift  off  when¬ 
ever  Fyj<C0  and  fV2<0), 


dx. 

It 

x2 

dx2 

“cTt" 

(DA  +  L6)/I 

dx^ 

x4 

dx4 

IT 

D/m 

dx^ 

"cTF 

x6 

dx6 

■ar 

(-  mg  +  L)/m 

where 

FV1  “  FV2  “  FH1  =  FH2  =  0 


Mode  2:  sliding  only, --This  mode  prevails  if  the  vertical 
reactions  are  both  positive,  Fvl!>Fv2!>0,  and  x4  i  0, 


dx. 

~3F 

x2 

dx2 

0 

dx^ 

x4 

dx4 

~Xt 

(D-m-  Sgn(x4)l  mg-L])/m 

dxj 

~SF 

x6 

dlt6 

■JT 

0 
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where  the  reactions  are  determined  by 

Fyl  *  [(mg-L)  (S^i^  Sgn(x4))-(DA  + L6)]/[  +S2] 

Fv2  -  mg  -  L  -  FV1 

FH1  "  '  fj-Sgn(x^)  Fyl 

Fjj2  ~  -  4 Sgn(x^)  Fy2 • 

The  variable  ^  is  the  coefficient  of  friction  for  contact  between 
the  floor  and  man.  The  expression  Sgn(  )  refers  to  the  "sign 
function"  where 

Sgn(  )  =  +  1  for  (  )>0 

-  -  1  for  (  )<0 

Mode  3:  tipping  only  (right  end), --This  mode  is  in  effect 
if  Fv2>0,  Fy^  =  0  and  the  horizontal  pivot  force  is  locked 
against  sliding,  |FH2|OFy2  .  It  is  notationally  convenient 
tc*  define  the  variables 

i  =■  «$2  -  x-j^ 

|  L6  +DA  +  Dr2cosiJ  -  (mg-L)  ^sintf  J/[T  +  mr2] , 

Then  the  governing  equations  can  be  written  in  the  form 


dx-^ 

St 

X2 

dxp 

St 

A3 

dx2 

St 

x4 

cx4 

17 

2 

r2  A3  cost^ +r2(x2)  sin f 

dx^ 

St 

x6 

dlt6 

"3F 

_ 

2 

r2  A^  sini^  +r2(x2)  cos^ 

_  Mi 
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where  Che  reactions  are  determined  from 


-  0 


m[r2  A3  sin i  -  r2(x2)2costf  ] 
•  o 

m  r2  A3  cost 1/  +  r2(x2)^sin^j 


+  mg  -  L 
-  D 


Mode  4:  tipping  only  (left  end), --This  mode  is  in  effect  if 
FV1>0  ,  Fv2  -  0  and  the  horizontal  pivot  force  is  locked  against 
sliding,  |Fhi|<hFvi  •  The  variables  can  be  defined, 

J  =  X1  +^1 

A^  =  ^L6 +DZi +  Dr1cos^’+ (mg-L)  r^sin? ]/[ T  +  mr2  j , 


Then  the  governing  equations  can  be  written  in  the  form: 


dx^ 

r  i 
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x2 

dx2 

■ar 

A4 

dx3 

x4 

■ar 

m 

dx4 

■ar 

—  2  — 

A^  r-^cos^  -  r^  x2  sin^ 

dxc 

■ar 

x6 

dx6 

/ar 

2  — 

-  A^  r^sin?  -  r^  x2  cos^ 

where  the  reactions  are  determined  from 


FV2 

FV1 

FH1 


0 


_  2 

A^  r^intf  -  ^  x2 

_  2 

A^  r^cosf  -  r^  x2 


_  T 

cost^  j  +  mg  -  L 
sin?  j  -  D  , 


Mode  5:  tipping  and  sliding  (right  end). --This  mode  applies 
if  Fyj^O,  Fy2->0  anc*  the  horizontal  pivot  force  does  not  lock, 

FH2*^FV2  s8n(xB2^  and  xb2  *  °»  where 

xfi2  “  x4  "  r2  x2  cos(^2  "  x2^ 
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is  the  horizontal  velocity  of  pivot  point  B2  in  Fig,  5.5.  The 
variables  are  defined, 


h  "X1 


DA  +  L6  +m(-r2  x^  cos^  +  g  -  L/m)  (^cosV'  SgnCx^)  M--  r2  sin^) 

9  a 

I  -  m  r£  sini/(cosii  SgnCx^)  H  -  sini/0 


Then  the  governing  equations  can  be  written  in  the  form: 


ils 

1 - 

x2 

dx2 

nr 

A5 

dx3 

It 

x4 

dx4 

■ar 

,  2 

D/m  -  Sgn(xg2>  u(-  r2  X2  cosy  +  ^sintf  +  g  -  L/m) 

dx5 

■JT 

i 

1 

t 
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x6 

dx6 

_Tt 

1 

t  2 

j-  ^2X2  cosif  +  r2  sinv 

L_  — 

(5.7) 


where  the  reactions  are  determined  from 


FV1  -  FH1  ‘  0 

2 

=  m(-  r2  x2  cos^  +  r2  ^5  +  mg  -  L 

FH2  =  “  s8n(^B2^  uFV2 

Mode  6:  tipping  and  sliding  (left  end), --This  mode  applies 
if  FV2c0>  Fy i> 0  and  the  horizontal  pivot  force  does  not  lock, 
FH1-FV1  Sgn(xgl)  and  xgl  ^  0,  where 

xBi  =  x4  "  ri  x2  cos^ 

is  the  horizontal  velocity  of  pivot  point  Bj^  in  Fig.  5.5.  The 
variables  are  defined, 

?  =  +  xi 
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A6  " 


DA  +  L6+m(-X2  rx  cos?+g  -  L/m)(  rL  cos?  +  rl  psin?Sgn(xBl))j 
T  +  m  r|  sin? (cos?  +  M.sin? Sgn(x  Bl^ 


The  governing  equation  can  be  written  in  the  form: 


dxj. 

FF 

dx 

Ft 
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Ft 

dx 

FE 

dx 
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dx6 

FF 
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IF 
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FF 
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FT 
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FF 


r\ 

D/m  -  a  Sgn(ig^)  -  xl;  r^cos-/;  -  Ag  r-^  sin/'  +  g  -  L/m 


(5.8) 


i  x6 


-  x^  r^cos?  -  A6  r1  sin? 


where  the  reactions  are  determined  from 


FV2  “  FH2  “  0 

Fvl  *  m(-  x^  r-^cos?  -  A&  sin?)  +  mg  -  L 
FH1  "  -  ^FV1  S8n(xBl)- 


5.1.2  Integration  of  Governing  Equations 

At  time  zero,  the  pressure  loading  D  begins  to  act  on  the 
rigid  mass.  The  mass  is  assumed  to  be  initially  at  rest  and  to 
remain  stationary  until  the  applied  forces  are  large  enough  to 
start  the  body  in  motion  in  one  of  the  six  modes  shown  in  Fig.  5.5. 
A  static  analysis  for  the  sigma  and  magnitude  reactions  Fvl,  Fv2 , 
Fh-^  and  F^  is  the  determining  factor  as  to  which  of  the  six  modes 
is  first  activated.  For  example,  if  with  an  incremental  addition 
of  applied  force  a  vertical  reaction  passes  from  positive  to 
negative,  this  implies  that  the  end  will  lift  up  sine®  negative 
reactions  cannot  be  physically  experienced. 
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Once  the  starting  mode  is  established,  the  appropriate 
governing  set  of  equations  for  that  mode  are  numerically  in¬ 
tegrated  by  means  of  a  fourth  order  Runge  Kutta  algorithm.  The 
starting  mode  is  assumed  to  be  applicable  for  all  subsequent 
time  increments  until  either  a  rigid  constraint  is  encountered 
(the  tumbling  man  hits  a  floor,  wall  or  ceiling);  or  the  condi¬ 
tions  for  which  the  mode  equations  are  valid  are  violated.  An 
example  of  the  latter  is  when  the  body  is  in  mode  5  (sliding 
and  rotating)  at  time  t  with  Fy2  ®qual  to  a  small  positive  value. 
Suppose  that  at  t+At,  Fy2  crosses  the  origin  and  is  a  small 
negative  number,  this  situation  is  not  physically  possible.  At 
this  point  the  body  is  just  starting  to  lift  off  (mode  1)  and 
the  new  appropriate  differential  equation  of  motion  should  be 
used.  The  transition  from  mode- to-mode  is  performed  automatically 
by  the  computer  program.  The  reactions  (Fyp  Fy2  ’  FHl’  are 

monitored  at  all  times  and  are  the  key  factors  which  indicate 
when  to  switch  modes. 

It  should  be  pointed  out  that  only  mode  transitions  are  al¬ 
lowed  which  do  not  result  in  impacting  hard  constraints.  For 
example,  once  the  program  is  in  mode  l,  it  can  never  return  to 
mode  5.  This  is  because  such  a  transition  would  involve  an  im¬ 
pact  when  the  body  retouches  the  floor.  To  properly  carry  the 
problem  beyond  the  impact,  a  separate  problem  must  be  solved  for 
the  instants  before  and  after  impact.  Such  an  analysis  would 
enable  us  to  properly  proceed  with  the  tumbling  problem. 

5.2  DETERMINATION  OF  SHELTEREE  AERODYNAMIC  BOD?  FORCES 
AND  POINT  OF  APPLICATION 

We  are  concerned  herein  with  developing  the  equations  for 
the  determination  of  the  aerodynamic  body  forces  (lift  L(x,y,9,t) 
and  drag  D(x,y,9,t))  and  points  of  application  with  respect  to 
the  mass  center  of  gravity  (horizontal  distance  ^(xj^it)  and 
vertical  distance  A(x,y,9,t)).  The  variables  L,D,A,a  are  shown 
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in  Fig.  5.4.  We  substitute  L,  D,  6  and  A  in  the  remainder  of 
this  section  for  the  cumbersome  argument  notation  (x,y,9,t) . 

5.2.1  Load  Determination 

The  loads  on  shelterees  are  subdivided  into  the  shock  dif¬ 
fraction  phase  and  the  drag  phase  (see  Ref.  46).  One-dimensional 
quasi-steady  analysis  is  used  to  estimate  both  the  shock  loading 
and  the  velocities  during  the  cavity  filling  process. 

Since  most  shelter  geomet  ies  a;.e  complex,  we  selected  as 
an  example  of  the  expected  shock  a  simple  arch  shelter  illus¬ 
trated  in  Fig.  2.15  and  3.11  of  Ref.  14.  The  entrance  configura¬ 
tion  is  given  in  Fig.  3.11  and  the  duct  and  door  details  are 
given  in  Fig.  A.  10.  The  overall  dimensions  of  the.  lower  level 
of  this  shelter  are  as  follows:  length  81  ft,  cross-sectional 
area  307  sq  ft,  and  volume  26,805  cu  ft.  The  cross-sectional 
area  of  the  doorways  at  either  end  of  the  entrance  tunnel  is 
11  sq  ft  and  the  area  of  the  tunnel  itself  is  31.76  sq  ft. 

We  note  that  the  doorway  orientation  is  such  that  a  blast 
wave  traveling  side-on,  relative  to  the  ground,  will  strike  the 
entrance  nearly  head-on.  Since  the  reflecting  surface  (bulkhead 
area)  is  only  about  three  times  larger  than  the  door  area,  data 
from  Ref.  47  should  be  used  to  determine  the  entering  shock  wave  „ 
However,  the  doorway  really  represents  an  orifice  plate  since 
just  downstream  of  it,  the  tunnel  enlarges  to  the  area  of  the 
bulkhead;  thus,  we  use  those  data  given  for  the  shock  transmission 
through  an  orifice  (Ref.  25)  to  estimate  the  shock  entering  the 
tunnel.  This,  in  general,  yields  slightly  higher  pressures  than 
would  the  Ref.  47  data.  The  shock  now  propagates  with  essentia  11; 
undiminished  strength  to  the  end  of  the  tunnel  where  it  encoun¬ 
ters  a  90  deg  turn  followed  immediately  by  the  second  doorway. 

No  data  exists  to  treat  this  particular  situation.  Some  data  are 
available  from  simple  area  restrictions  in  a  channel;  however, 
the  current  situation  is  more  complex  in  that  the  doorway  is 
followed  directly  by  a  large  area  change  into  the  room  proper. 
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I 

I 

Past  experience  indicates  (Ref,  25)  that  a  rough  estimate  of 
the  change  in  overpressure  at  a  channel  convergence  or  sudden 
increase  in  area  can  be  obtained  from  the  formula 


Here  subscript  2  refers  to  the  downstream  part  of  the  channel 
and  subscript  1  refers  to  the  upstream  part.  Thus,  Apj  is  the 
overpressure  of  the  incident  shock  wave  and  a P£  is  the  overpres¬ 
sure  of  the  transmitted  wave  at  a  sudden  change  in  area.  The 
formula  is  based  on  acoustic  theory  but  gives  reasonable  results 
for  fairly  strong  shocks  even  in  the  case  of  large  area  changes 
We  thus  employ  this  equation  to  estimate  the  shock  which  propa¬ 
gates  into  the  doorway.  A  repeated  application  of  the  formula 
then  permits  the  estimation  of  the  strength  of  the  shock  propa¬ 
gating  through  the  shelter  space. 

However,  the  ratio  of  the  shelter  width  (35  ft)  to  the  door 
width  (2  ft)  is  used  rather  than  the  shelter  to  door  area  ratio. 
This  is  justified  on  the  basis  that  the  lower  part  of  the  shelter 
presents  basically  a  two-dimensional  geometry  bounded  on  top  and 
bottom  by  the  roof  slab  and  floor  respectively  Thus,  little 
expansion  of  the  shock  wave  in  the  vertical  direction  takes  place 
and  the  primary  expansion  is  in  the  horizontal  plane  The  shock 
pressure  estimates,  obtained  in  this  fashion,  are  believed  to  be 
conservative  for  distances  of  ten  door  widths  (~  20  ft)  or  more 
into  the  shelter.  Along  the  door  centerline  from  the  doorway 
proper  to  the  quoted  distance,  the  shock  decays  in  an  exponen¬ 
tial  manner  (Ref. 45).  Thus  it  is  in  this  region  adjacent  to  the 
door  that  the  highest  velocities  and  pressures  may  be  expected. 

The  values  computed  for  the  entranceway  and  the  inside  shelter 
proper  are  upper  and  lower  bounds  respectively  for  this  region. 

At  distances  greater  than  ten  door  widths  the  shock  strength 
estimated  should  present  an  upper  bound  of  the  shock  pressure  that 
may  be  expected  in  the  shelter. 
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The  shock  in  the  shelter  propagates  until  it  reaches  the 
back  wall  where  normal  reflections  take  place.  The  velocity  be¬ 
hind  the  reflected  wave  (for  assumed  normal  reflections)  is  com¬ 
puted  to  be  zero.  This,  in  general,  is  not  quite  true  since  in 
the  real  situation,  a  multiple  shock  configuration  exists  which 
is  caused  by  the  reflection  from  the  side  walls.  However,  in 
any  case  the  velocity  behind  the  reflected  shock  wave  will  be 
considerably  less  than  behind  the  incident  wave.  Thus  the  latter 
velocity  can  be  used  as  an  upper  bound  during  the  shock  diffrac¬ 
tion  phase.  Before  the  reflected  shock  returns  to  the  entrance, 
it  is  broken  up  by  the  in  rushing  jet  like  flow,  thus  ending  the 
diffraction  phase. 

Because  the  shock  diffraction  around  the  human  body  is  of 
very  short  duration  and  since  the  drag  lead  due  to  the  jet  inflow 
is  quite  severe,  the  effect  of  the  reflected  shock  is  neglected 
in  the  estimation  of  net  loads.  In  order  to  estimate  the  veloc¬ 
ities  and  drag  forces  that  may  be  expected  inside  a  shelter  space, 
the  values  of  these  quantities  are  computed,  based  on  the  theory 
of  free  jet  expansion.  Since  the  velocity  profiles  obtained  in 
incompressible  flow  are  nearly  identical  with  compressible  flow 
profiles  (see  Ref.  33  through  35)  the  former  are  used  since  they 
can  be  defined  by  simple  mathematical  expressions.  In  general, 
a  free  jet  issuing  from  a  small  opening  has  a  bell-shaped  axial 
velocity  distribution  as  shown  in  Fig.  5.6. 
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The  velocity  is  a  maximum  at  the  centerline.  The  maximum 
velocity  which  occurs  in  the  opening  from  which  the  jet  originates, 
persists  for  some  distance  into  the  free  jet  in  a  cone-shaped  re¬ 
gion.  Maximum  penetration  occurs  again  at  the  centerline  and  is 
equal  to  approximately  four  diameters  for  an  axisymmetric  jet  and 
about  five  orifice  widths  for  the  plane  two-dimensional  jet. 

Beyond  this  initial  region  of  the  jet,  the  flow  spreads  in 
a  linear  fashion.  For  practical  purposes,  the  behavior  of  axisym¬ 
metric  and  plane  jets  is  the  same  and  the  half-width,  or  radius  b, 
of  the  jet  is  given  by  (Ref.  35) 


b  »  0.22  x  +  b  .  (5.10) 

o 

Here  x  is  the  distance  from  the  opening,  and  bQ  is  the  half-width 
or  radius  of  the  opening.  The  door  geometry  of  the  shelter  under 
consideration  suggests  that  the  plane  jet  will  provide  the  better 
approximations.  The  centerline  velocity  of  the  plane  jet  varies 
inversely  with  the  square  root  of  the  distance  from  the  entrance 
For  turbulent  jets  the  relationship  is  (Ref.  35) 


3.8 


n _ 

-  X 


o 


(5.11) 


Here  X  =  X/bQ  and  bc  is  the  opening  half-width,  X  is  the  axial 
distance  from  the  entrance,  11 Q  is  the  entrance  velocity,  Uc  the 
centerline  velocity  at  distance  X,  and  n  and  XQ  are  parameters 
which  depend  on  the  flow  coefficient  ,  i.e.  ,  on  how  much  of  the 
actual  area  of  the  opening  is  occupied  by  the  jet.  For  flow  co 
efficients  of  K  =  0,70  (used  in  the  cavity  filling  computations) 
we  find  from  the  graphs  in  Ref.  35  that  XQ  is  -4  for  the  plane 
jet.  Similarly,  we  find  that  the  value  of  n  is  0,81-  Hence, 
we  rewrite  the  equations  for  the  centerline  velocities  as 


U 


c 


3.42  U 

o 


(5.12) 
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It  is  possible  to  give  the  exact  bell-shaped  velocity  distribu¬ 
tion  in  the  main  part  of  the  jet  as  a  function  of  distance  from 
the  entrance  (Refs,  33  and  35),  However,  for  the  purpose  of 
estimating  the  effect  on  shelterees ,  it  suffices  if  an  average 
velocity  in  the  jet  is  determined.  From  Ref.  35,  an  approximate 
formula  for  the  volumetric  rate-of-flow  in  the  jet  is 


(5.13) 


Here  Qq  is  the  discharge  rate  at  the  entrance.  Since  the  velocity 
is  given  by  the  discharge  rate  divided  by  the  area,  we  can  easily 
compute  the  average  velocity. 


U 


average 


Q/A. 


(5.14) 


In  the  case  of  the  plane  jet,  A“b,  Q  is  the  discharge  rate,  and 
A  is  the  rate  per  unit  height  of  the  opening.  Here 
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(5.15) 


Another  average  velocity  can  be  defined  by  means  of  the  ve¬ 
locity  distribution  profile,  thus 


B  2 


u-ucJa-e1,5) 


di  -  0.45  U 


(5.16) 


Here  Uc  is  the  centerline  velocity,  U  the  average  velocity,  and 
£»y/b,  i.e.  ,  the  variable  defining  the  velocity  profiles. 

It  should  be  noted  that  all  of  these  formulas  are  only  ap¬ 
plicable  in  the  main  portion  of  the  jet,  that  is,  not  in  the 
immediate  vicinity  of  the  entrance.  Further,  the  expressions  for 
average  velocity  based  on  volumetric  discharge  give  the  same  re¬ 
sults  as  those  obtained  from  the  velocity  profile.  To  estimate 

2 

the  momentum  flux  pU  or  the  dynamic  pressure  it  is  sufficient 
to  use  the  cavity  density  p  with  the  appropriate  velocity. 


180 


To  obtain  the  variations  in  velocity  and  jet  width  at  a  par¬ 
ticular  location  as  a  function  of  time,  it  is  assumed  that  the 
process  is  quasi-steady.  We  then  simply  determine  the  entrance 
velocity  from  the  quasi-steady  cavity  filling  calculations.  When 
the  pressure  ratio  is  less  than  the  critical  ratio,  the  flow  at 
the  entrance  will  be  sonic  and  the  entrance  velocity  is  then 
simply 


U  -  f  -2*r  ^ 

O  7  +  I  o 


1/2 


(5.17) 


where  p  and  p  are  the  blast  wave  pressure  and  density,  respec 
s  s 

tively . 


For  subsonic  entrance  flow,  we  get 

rii]  1/2 

-(£)7  ]j.  (5.18) 

These  expressions  together  with  the  preceding  equations  can  then 
be  used  to  estimate  velocities  and  momentum  in  the  shelter  during 
the  filling  process.  Obviously,  if  precise  information  on  dis¬ 
charge  coefficients  for  the  inlet  ducting  is  available,  then  the 
entrance  velocities  can  be  better  estimated  by  multiplying  the 
given  equations  by  the  appropriate  coefficients.  The  expressions 
as  stated  herein  provide  an  upper  limit  of  the  entrance  velocity. 

Using  the  cavity  filling  results  (Ref.  25)  for  the  arch 
shelter  at  peak  pressures  of  50,  30,  20  and  10  psi,  we  perform 
computations  giving  the  jet  behavior  from  the  time  of  blast  arri¬ 
val  to  approximately  the  time  maximum  cavity  pressures  are 
reached.  The  entrance  velocities,  the  centerline  velocities, 
the  average  velocities  at  a  number  of  locations  in  the  cavity, 
and  the  momentum  flux  are  computed.  For  the  plane  jet,  a  flow 
coefficient  of  0.70  was  used.  This  value  was  established  during 
cavity  filling  experiments  (Ref.  25)  and  is  also  used  in  the 
filling  computations. 
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The  calculated  jet  flow  and  the  shock  wave  estimates  are 
used  to  predict  the  loading  on  typical  shelterees.  During  the 
shock  diffraction  phase  the  shock  wave  strikes  the  shelteree  and 
diffracts  around  him;  when  the  shock  wave  has  cleared  the  person 
the  static  pressure  equalizes  and  thd  remaining  load  is  produced 
by  the  flow  velocity.  Initially  this  is  the  particle  velocity 
associated  with  the  shock  wave.  At  later  times  it  is  equal  to 
the  velocity  produced  by  the  quasi-steady  jet  inflow.  The  latter 
velocity  varies  with  the  shelteree' s  location  in  the  shelter  and 
with  time.  A  typical  loading  diagram  is  shown  qualitatively  in 
Fig.  5.7. 


Fig.  5.7  LOADING  DIAGRAM  (Not  to  scale) 

It  is  assumed  that  during  the  diffraction  phase  the  loading  on  a 
person  is  similar  to  that  on  a  cylinder  in  an  upright  position 
being  struck  by  a  shock  normal  to  its  axis.  Using  the  informa¬ 
tion  of  Ref.  46  one  finds  that  the  rise  time  tr  to  maximum  pres¬ 
sure  due  to  shock  reflection  is 


(5.19) 
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where  D  is  the  diameter  (estimated  at  1  ft  for  people)  and  U  is 
the  shock  velocity.  The  tinle  of  shock  clearance  or  end  of  the 
diffraction  phase  is 


cd 


(5.20) 


For  the  pressure  range  of  interest  the  maximum  pressure 

P  is  obtained  by  a  simple  formula  based  on  the  data  of  Ref.  46. 
max 

For  shock  overpressure  p  and  p  given  in  pounds  per  square 

s  ma  x 

inch  the  equation  is 


Pmax  =  t1’700  +  0023  Ps>  ps  •  <5'21> 

The  value  of  q  is  simply  the  dynamic  pressure  of  the  shock  flow, 
s 

Is  *  7  I’s  us  (5-22> 

where  pg  and  ug  are  the  shock  density  and  particle  velocity  re¬ 
spectively.  The  variation  of  the  load  between  zero  and  Pmax  and 
also  between  p  and  q  is  assumed  to  be  linear.  Similarly  a 
linear  variation  of  the  dynamic  pressure  is  assumed  between  q 
and  qj  where  the  latter  is  the  dynamic  pressure  associated  with 
the  initial  value  of  the  quasi-steady  jet  flow.  The  time  tj  is 
estimated  from  the  difference  in  velocities  between  the  shock 
front  and  the  jet  velocity.  Since  the  latter  even  in  the  initial 
instant  varies  with  distance  from  the  door,  we  assume  for  pur¬ 
poses  of  estimating  the  time  tj  that  the  jet  velocity  is  the 
average  between  the  entrance  velocity  and  the  jet  velocity  per¬ 
taining  to  the  actual  location  of  the  shelteree.  Thus  tj  is 
obtained  from 


U 


do 

0,5  (u 


Vu~J 

eo  joy 


(5,23) 


Here  dQ  is  the  distance  the  shelteree  is  located  from  the  shel¬ 
ter  entrance,  U  is  the  shock  velocity,  ugo  is  the  initial  entrance 
velocity  as  defined  by  adiatic  inflow  conditions,  and  UjQ  is  the 
initial  jet  velocity  at  the  location  d  ,  The  actual  loading  on 
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a  shelteree  also  depends  on  his  orientation  relative  to  the  flow 
direction  which  is  always  assumed  to  be  horizontal.  During  the 
short  diffraction  phase  it  is  assumed  that  the  load  is  also  hori¬ 
zontal,  its  magnitude  being  equal  to  the  product  of  the  pressure 
times  the  projected  area.  A  value  of  7  sq  ft  for  projected  area 
is  used  for  a  typical  shelteree  in  the  upright  position.  During 
the  drag  phase  of  the  loading  a  person  experiences  both  drag 
(horizontal  force)  and  lift  (vertical  force) .  The  magnitudes  of 
these  loads  vary  with  the  orientation.  Reference  48  reports  data 
for  the  drag  on  people  in  the  upright  and  prone  positions.  Also 
given  is  the  maximum  lift  that  may  occur. 

Based  on  these  few  data  points  and  on  the  typical  aerodynamic 
behavior  expected  for  cylindrical  bodies  (Ref.  49)  the  load  varia¬ 
tion  for  shelterees  with  orientation  is  constructed.  The  drag 
and  lift  forces  are  normally  defined  as 

D  =  CDqA  (5.24) 

L  *  Cj,  9  ^  • 

1  2 

Here  q  -  pu  is  the  dynamic  pressure,  A  is  a  representative 
area  for  the  body  under  consideration  and  Dc  and  CL  are  the  drag 
and  lift  coefficient  respectively.  An  alternate  representation 
is  in  terms  of  drag  area  A^  and  lift  area  A^ ,  where 


It  is  in  this  form  that  the  daca  of  Ref.  48  are  given.  We 
assume  that  the  lift  area  varies  as  the  sine  of  twice  the  angle 
of  attack  2a  having  its  maximum  at  a  =  45  deg  and  being  zero  at 
a  =  0  deg  and  a  =  90  deg.  The  drag  area  is  assumed  to  vary  as 
sin^a.  For  calculation  purposes  these  variations  are  expressed 
in  terms  of  the  angle  9,  which  is  defined  by  the  angle  between 
the  vertical  and  longitudinal  axis  of  the  shelteree  (see  Fig.  5.1). 
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The  angle  of  attack  is  defined  in  terms  of  0  as 

_  w 

a  "  9  "  J  ' 


The  equations  for  drag  and  lift  are 


AD  "  ADmin  +  ^ 


max  ADmin 


)  sin2  (9-j) 


(5.26) 

AL*  AUnax  •  8ln  (29-’r) 

The  values  of  the  maxiraums  and  minimums  are  given  by  Ref.  48, 
based  upon  a  weight  of  165  lb  and  an  average  height  of  4.9  ft. 

1.2  sq  ft 


Dmin 

4)  max 


9.0  sq  ft 


At  ■  2.5  sq  ft 
Lmax 


From  this  discussion  it  becomes  clear  that  the  earlier  pre¬ 
sented  load  diagram  (Fig.  5.7)  only  represents  the  net  load  on 
a  shelteree  during  the  diffraction  phase.  The  remainder  of  the 
diagram  is  simply  a  presentation  of  dynamic  pressure  in  the  shel¬ 
ter.  The  total  load  is  calculated  by  combining  vectorially  the 
products  D  *  qAjj  and  L  =  qA^.  Obviously  the  value  of  q  is  a 
function  of  the  shelterees  position  (distance  from  the  entrance) 
and  time,  while  the  values  of  Ap  and  A^  are  functions  of  orien¬ 
tation  only. 

With  the  currently  available  data  it  is  possible  to  calcu¬ 
late  loadings  for  positions  from  10  to  80  ft  from  the  entrance 
and  located  along  the  centerline  of  the  entrance  opening.  Blast 
wave  overpressures  between  10  to  50  psig  may  be  considered. 

5.2.2  Determination  of  Point  of  Application 

No  aerodynamic  information  with  regard  to  moment  coefficients 
or  what  is  equivalent  the  point  of  force'  application  (center  of 
pressure)  is  available  for  shelterees.  In  the  current  calcula¬ 
tions  it  was  assumed  that  the  drag  force  is  always  applied  in  the 
center  of  the  projected  area  normal  to  the  horizontal  flow  velocity . 
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Thus 


A  -  i  h/2  -  dx 

L 


COS0  + 


S1  "  S2 


sinQ 


(5.27) 


No  point  of  application  for  the  lift  force  is  specified.  This 
is  equivalent  to  assuming  that  the  lift  force  L  is  at  all  times 
acting  directly  through  the  center  of  gravity,  or  that  6-0 
(see  Fig.  5  1).  Thus  the  aerodynamic  moments  computed  are  based 
only  on  the  drag  component  of  the  load  which  is  normally  much 
larger  than  the  lift. 


5.3  TUMBLING  MAN  SURVIVABILITY  RESULTS 

The  results  of  the  tumbling  man  analysis  are  presented.  The 
computer  program  discussed  in  Appendix  E  generated  all  the  re¬ 
sults  presented  here.  The  loadings  on  the  shelteree  are  those 
described  in  Subsection  5.2,  the  governing  equations  of  motion 
are  those  presented  in  Subsection  5.1.  For  prescribed  values 
of  the 


weapon  (MT  size) , 
shelter , 
position, 

shelteree  orientation  (standing,  prone,  sitting), 

we  first  determine  the  critical  overpressure,  P^,  which  will 
result  in  a  fatal  collision  of  a  single  shelteree  with  a  hard 
constraint  (floor,  end  wall,  ceiling),  when  the  blast  doors 
are  left  off  or  open  during  an  attack.  Then,  based  on  the 
survivability  of  the  individual  shelteree  located  at  various 
positions  throughout  the  shelter,  we  construct  a  percent  sur¬ 
vivability  versus  overpressure  curve  based  purely  on  the  blast 
induced  airflow. 


Because  overpressure  appears  implicitly  in  the  problem  solu¬ 
tion,  we  cannot  directly  solve  for  the  p£  value.  Instead,  we 
construct  a  set  of  parametric  computer  runs  for  a  range  of  over¬ 
pressure  values  (10  to  50  psi).  From  these  solutions,  the  re¬ 
sults  are  interpolated  to  obtain,  within  the  accuracy  of  the 
interpolation,  the  exact  overpressure  value  which  produces  fatality. 
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Parametric  computations  were  made  for  three  initial  dis- 
tances  from  the  shelter  opening  (doM10,  40,  70  ft  where  dQ  is 
defined  in  Figs.  5.1  through  5.3);  three  body  orientations 
(standing,  prone,  sitting);  and  four  external  overpressure  levels 
(p  *  10,  20,  30  and  50  psi) .  Thus  a  total  of  36  combinations 
of  results  were  determined.  Each  of  these  is  labeled  with  a 
case  number  (1  through  36)  and  the  case  indicates  the  parameters 
considered.  The  notation  is  as  follows: 


Orientation  Code 


Initial  Position 
in  Shelter  Code 


. . .  Upright  (standing) 

. . .  Prone 
. . .  Sitting 

.  .  .  man  near  shelter  Entrance 
.  .  .  man  Midway  into  shelter 
.  . .  man  near  end  Wall 


The  case  50-P-M  refers  to  50  psi  external  overpressure  with  the 
man  lying  Prone  located  Midway  into  the  shelter.  The  first 
character  denotes  the  pressure  level,  the  second  character- 
orientation,  and  the  third  character  the  position  in  the  shelter. 


The  parameters  selected  for  study  are  listed  as  follows: 


Man 

Orientation 

I 

(lb-sec2-f t) 

m 

(lb-sec2/ft) 

S1 

(ft) 

S2 

(ft) 

dl 

(ft) 

h 

(ft) 

u 

Standing 

8.58 

5.16 

0.29 

0.625 

3.200 

5.770 

0.55 

Prone 

8.58 

5.16 

3.20 

2.550 

0.458 

0.916 

0.55 

Sitting 

3.16 

5.16 

0 

1.550 

1.030 

3.280 

0.55 

The  values  for  T,  m  and  d^  were  selected  from  data  compiled  for 
an  "average  man"  (Ref.  59).  The  value  for  p ,  the  coefficient 
of  friction,  was  taken  from  Ref.  61. 
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The  results  of  the  36  cases'^aTb^summarized  in  Table  5.1, 

The  headings  in  this  table  require  somfe., additional  explanation. 

The  "Problem  Description"  column  refers  tcNthe  coding  notation 
described  earlier  in  this  section.  The  "ModexP$th"  column  refers 
to  the  various  modes  of  motion  (one  through  six)  Experienced  by 
the  tumbling  man  up  to  the  time  of  impact.  The  mode  humbers  cor¬ 
respond  to  the  motion  in  Fig.  5.5.  For  example,  3-5-1  indicates 
that  the  subject  started  rotating  (mode  3),  then  rotated  and 
slid  (mode  5)  and  finally  lifted  off  the  ground  (mode  1)  .  The 
"Termination  Constraint  Reached"  column  identifies  the  particular 
constraint  the  head  contacts  at  impact.  The  entry  name  refers  to 
the  fact  that  the  man  has  come  to  rest  before  hitting  a  constraint 

The  "Terminal  u  ,  and  u  "  columns  list  the  horizontal  and  ver- 
x  y 

tical  coordinates  of  the  head  at  impact,  or  the  final  at-rest 
position  if  a  constraint  is  not  reached.  The  reference  origin 
is  the  same  as  that  used  for  the  measurement  of  the  x,y  coordi¬ 
nates  of  the  center  of  gravity  (Fig.  5.4).  The  "Terminal  v  and 

A 

Vy"  columns  contain  the  horizontal  and  vertical  velocities  of  the 

head  at  impact,  or  the  final  at-rest  position,  if  a  constraint  is 

2  2 

not  reached.  The  "Terminal  v^  +  v’’"  column  refers  to  the  vector 

x  y 

magnitude  of  the  head  velocity  at  impact. 


Table  5.1  summarizes  all  the  important  results  of  the  cal¬ 
culations,  however,  it  is  of  further  importance  to  display  orien¬ 
tation  and  transient  trajectories  of  several  representative  cases. 
The  cases  we  selected  to  plot  are:  30-U-M,  30-P-M,  30-S-M,  10-U-M, 
10-P-M,  and  10-S-M.  These  give  representative  results  for  a  man 
situated  initially  midway  in  the  shelter,  subject  to  both  a  low 
and  high  overpressure  loading,  and  for  the  three  different  body 
orientations  considered,  upright,  prone  and  sitting. 
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TABLE  5.1 

SUMMARY  OF  PARAMETRIC  STUDY 
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The  orientation  type  plots  (Figs.  5.8,  5.11,  5.13,  and  5.16) 
provide  a  sequential  motion  account  of  the  man's  flight  from  his 
at-rest  position  to  the  terminal  position.  The  overview  is  ob¬ 
tained  by  plotting  chronological  successive  coordinates  of  the 
two  points  A,B  which  define  the  end  points  of  a  centerline  passing 
through  the  man's  center  of  gravity.  By  connecting  these  points 
with  a  line,  the  orientation  history  of  the  centerline  distance 
AB  can  be  traced.  To  curtail  cluttering,  a  limited  number  of 
plot  points  were  selected  from  the  total  integrated  trajectory. 

The  vertical  and  horizontal  scales  of  the  orientation  plots 
(normalized  by  the  model  height  h)  are  not  in  the  same  proportion. 
This  results  in  a  distortion  of  the  plots  in  that  the  line  element 
AB  appears  to  stretch  or  contract  as  the  body  rotates  into  differ¬ 
ent  positions.  The  prone  orientation  plots  are  omitted  becf’se 
the  man  remains  prone  throughout  the  time  record. 

The  transient  trajectory  type  plots  (Figs.  5.9,  5.10,  5.12, 
5.14,  5.15  and  5.17)  provide  a  time  history  of  the  horizontal  and 
vertical  velocity  and  displacements  of  the  man's  head  (point  A 
in  Fig.  5.4).  The  displacement  plots  are  normalized  by  the  maxi¬ 
mum  head  displacement  (peak  absolute  horizontal  or  peak  absolute 
vertical  component  value,  whichever  is  largest).  The  velocity 
plots  are  normalized  by  the  maximum  head  velocity  (peak  absolute 
horizontal  or  peak  absolute  vertical  component  value,  whichever 
is  largest).  The  normalization  constants  are  indicated  on  each 
figure. 

5.4  INTERPRETATION  OF  RESULTS  FOR  SURVIVABILITY  DETERMINATION 
5.4.1  Impact  Ct.li.ei ion 

Before  converting  the  parametric  results  of  Table  5.1  into 
survivability  information,  we  need  a  fatality  definition  suitable 
for  the  head  velocity  components  just  prior  to  impact  with  a  hard 
constraint.  According  to  Ref.  50  an  impact  velocity  27.9  fps 
has  a  95  percent  probability  of  being  fatal.  This  critical  impact 
velocity  is  for  a  normal  impact  in  the  absence  of  any  substantial 
tangential  velocity  (Vx) . 
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Fig.  5.8  TUMBLING  MAN  CENTERLINE  (A-B)  SPACIAL  TRAJECTORY 
(Problem  30-U-M) 
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Fig.  5.9  TUMBLING  MAN  TIME  TRAJECTORY 
(Problem  30-U-M) 
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TUMBLING  MAN  TIME  TRAJECTORY 
(Problem  30-P-M) 


Fig.  5.11  TUMBLING  MAN  CENTERLINE  (A-B)  SPACIAL  TRAJECTORY 
(Problem  30-S-M) 
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Fig.  5.12  TUMBLING  MAN  TIME  TRAJECTORY 
(Problem  30-S-M) 


TUMBLING  MAN  CENTERLINE  (A-B)  SPACIAL  TRAJECTORY 
(Problem  10-U-M) 
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Fig  .  5 . 14  TUMBLING  MAN  TIME  TRAJECTORY 
(Problem  10-U-M) 
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Fig.  5.15  TUMBLING  MAN  TIME  TRAJECTORY 
(Problem  10-P-M) 
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Fig.  5.1b  TUMBLING  MAN  CENTERLINE  (A-B)  SPACIAL  TRAJECTORY 
(Problem  10-S-M) 


T 


T 


T 


3 

E 

\ 

AJ 

> 

\ 

i 

c 

> 

V 

0) 

■u 

\ 

E 

c 

> 

\ 

CD 

>> 

CD 

\ 

u 

■u 

c 

\ 

to 

•rl 

S 

r*C 

O 

u 

AJ 

a 

O 

«d 

*i-l 

w 

r- 1 

«-*C 

O 

•H 

CD 

Cu 

o 

a 

> 

cn 

r-l 

•H 

<u 

' V 

T3 

o 

> 

to 

tO 

CD 

CD 

T3 

X 

X 

(0 

<d 

CO 

fl> 

0) 

aj 

a 

i-t 

r-t 

W 

K 

lw 

M-l 

to 

to 

4J 

AJ 

r-C 

i— 1 

i-H 

c 

c 

ed 

Q 

. 

0 

0 

o 

U 

CM 

vO 

N 

N 

•H 

•i-l 

tH 

cm 

*H 

-M 

4J 

AJ 

U 

W 

Va 

U 

il 

II 

O 

O 

V 

0) 

X 

X 

> 

> 

X 

to 

B 

3 

V 

max 

< 

pa 

a 

x+asr  i+aor  o+aos*  o+aoo*  o+aos 

•T3A  HO*  dSIO  aaznVHWN 


o 

o 


T+30T  ’  - 


200 


Fig.  5.17  TUMBLING  MAN  TIME  TRAJECTORY 
(Problem  10-S-M) 


If  a  tangential  component  is  present,  we  must  have  a  means  of 
incorporating  V  into  the  determination  of  survivability. 

To  illustrate  the  importance  of  the  tangential  effect,  con¬ 
sider  an  impact  situation  where  the  vertical  constraint  force 
applied  to  the  head  just  after  contact  is  F^.  If  the  body  has 
a  sufficiently  large  tangential  velocity  (and  hence  a  substan¬ 
tial  horizontal  momentum)  the  head  will  start  to  slide  on  tb  . 
constraint  at  impact  which  will  result  in  a  horizontal  force  of 

F  ■  p.  F  (where  p.  is  the  coefficient  of  friction).  Consequently 
x  y 

the  net  vectorial  force,  FT,  of  the  head  is  not  just  the  normal 

1  2  2  1/2 

force  but  rather  a  larger  value  of  FT  =  (F  +  F  ) 

i  x  y 

In  order  to  properly  account  for  the  horizontal  component 
in  relation  to  fatality,  we  need  more  experimental  information 
in  the  area  of  sliding  impact  effects  on  survivability.  Since 
this  information  is  unavailable  at  this  time,  we  choose  a  simpli¬ 
fied  approach  in  which  the  vector  magnitude  of  the  head  velocity 
at  impact  ("^V^  +  V^  )  is  compared  to  the  27.9  fps  critical  ve¬ 
locity  cited  earlier. 

5.4.2  Construction  of  Survivability  Curves 

Results  given  in  Table  5.1  are  used  to  construct  surviva¬ 
bility  curves  for  shelterees  located  in  that  portion  of  the 
shelter  which  is  directly  affected  by  the  jet.  The  floor  area 
of  the  shelter  studied  that  is  directly  affected  by  the  jet  is 
shown  in  Fig.  3.11.  The  resulting  survivability  curves  are  given 
in  Fig.  5.18  and  are  constructed  using  the  following  approach. 

It  will  be  observed  from  Table  5.1  that  for  any  overpres¬ 
sure  level  and  initial  shelteree  orientation,  corresponding 
impact  velocities  decrease  as  we  locate  the  shelteree  further 
from  the  entrance.  For  example,  at  10  psi  a  standing  shelteree 
initially  located  near  the  entrance  experiences  a  terminal  ve¬ 
locity  at  103.6  fps  (see  Table  5.1).  The  same  shelteree  located 
halfway  between  the  entrance  and  the  rear  wall  experiences  a 
terminal  velocity  of  64.8  fps,  while  the  one  initially  located 
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near  the  rear  wall  experiences  44.6  f ps .  This  variation  provides 
a  basis  for  constructing  an  approximate  survivability  curve  for 
the  shelter  population  located  in  the  affected  area. 

Assuming  that  shelterees  are  uniformly  distributed,  point 
?l  (see  Fig.  5.18)  is  established  by  seeking  that  overpressure 
level  which  will  produce  a  27.9  fps  head  impact  velocity  for  a 
shelteree  initially  located  near  the  entrance.  Point  P2  is  es¬ 
tablished  by  seeking  that  overpressure  level  which  will  produce 
a  27.9  fps  head  impact  velocity  for  a  shelteree  located  halfway 
between  the  entrance  and  the  rear  wall.  Point  P3  is  established 
by  seeking  that  overpressure  level  which  will  produce  a  27.9  fps 
head  impact  velocity  for  a  shelteree  located  near  the  rear  wall. 

A  curve  for  the  prone  man  was  not  computed  because  the  man 
does  not  impact  a  hard  constraint  (end  wall)  before  coining  to 
an  at -rest  position.  There  are  exceptions  where  impact  does  oc¬ 
cur,  but  the  velocity  level  is  insufficient  to  produce  fatality. 

The  fact  that  no  fatal  constraint  impacts  occur  during  the  10 
to  50  psi  range  does  not  mean  that  there  will  be  100  percent  sur¬ 
vivors  in  an  actual  blast  situation  when  all  the  shelterees  are 
initially  lying  prone.  A  complicating  factor  which  could  alter 
the  prone  man  velocity  trajectory  is  the  fact  that  the  longitudi¬ 
nal  sliding  mode  is  not  stable.  Small  eccentricities  in  the 
blast  loading  relative  to  the  man's  center  of  gravity  could  possi¬ 
bly  rotationally  slide  the  man  at  right  angles  to  this  initial 
head  position.  The  man  may  then  start  rolling  (similar  to  a  log 
rolling  action) instead  of  sliding,  which  of  course  could  result 
in  a  completely  different  conclusion  regarding  his  survivability. 

Although  we  cannot  give  any  reasonable  quantitative  results 
regarding  survivability,  what  we  can  state  qualitatively  is  that 
his  survivability  percentage  in  the  initially  prone  position  is 
substantially  higher  than  either  the  standing  or  sitting  positions. 
This  conclusion  is  based  on  the  prone  man's  velocity  trajectory 
results  which  indicate  that  the  peak  velocity  experienced  by  the 
roan  (and  hence  the  impact  force,  should  an  object  be  encountered) 
is  much  lower  than  either  of  the  other  two  orientations  investigated. 
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lity  Percent  S\ 


Overpressure,  psi 
(a)  Man  Initially  Standing 


Overpressure,  psi 

(b) 

Man  Initially  Sitting 

Fig.  5.18 

SURVIVABILITY  OF  TUMBLING  MAN 
AGAINST  ENTRANCE  JET  VELOCITY 
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APPENDIX  A 


DESCRIPTION  AND  COST  OF  SHELTERS 


Shelters  considered  in  this  study  include  two  categories: 
single-  and  dual-purpose  (Table  A.l).  Those  considered  herein 
are  not  existing  structures  but,  rather,  proposed  feasible  con¬ 
cepts,  the  physical  characteristics  of  which  are  described. 

A.l  SINGLE -PURPOSE  SHELTERS 


A. 1. 1  Arch  Structures 

Arch  structures  are  subdivided  with  respect  to  materials  of 
construction  into  two  types:  reinforced  concrete,  and  corrugated 
and  plate  steel.  With  respect  to  "design  weapon  environment," 
these  structures  may  be  further  divided  into  six  categories  to 
resist  one  of  the  following  weapon  environments: 


(a)  fallout  radiation  alone, 


(b)  10  psi 

(c)  20  psi 

(d)  30  psi 

(e)  100  psi 

(f)  150  psi 


free-field  overpressure  and  associated 
effects  of  prompt  nuclear  thermal  and 
fallout  radiation  resulting  from  a  single 
megaton  weapon 


These  shelters  (10  in  number)  were  designed  to  be  located  at 
specific  sites  (shelter  complexes)  on  the  peripheries  of  large 

population  centers.  The  basic  shelter,  a  single  arch  module,  is 
capable  of  housing  500  persons  at  approximately  10  sq  ft  per  person. 
Basic  modules  are  combined  to  form  larger  complexes  as  the  need 
dictates.  A  typical  1000-man  peripheral  shelter  complex  consisting 
of  two  basic  shelters  is  shown  in  Fig.  A.  la.  Due  to  imposed  siting 
conditions  fires  should  not  pose  a  serious  hazard  and  for  this 
reason  were  not  specifically  considered  in  their  design.  Consult 
Ref. 14  for  a  more  detailed  description  of  peripheral  shelter  sys¬ 
tems  and  their  probable  costs  for  midyear  1967. 


Preceding  page  blank 
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(b)  Rectangular  Shelter  Complex 

Fig.  A . 1  SITE  PLANS  FOR  1000-MAN  PERIPHERAL  SHELTER  COMPLEXES 


Shelters  (a)  through  (d)  are  referred  to  herein  as  "low  level 
weapon  effects  designs."  For  purposes  of  comparison  they  were  de¬ 
signed  (Ref.  14)  using  reinforced  concrete  in  one  case  and  corru¬ 
gated  and  plate  steel  in  the  other.  They  were  also  costed  for 
500-  and  1000-tiion  capacities  . 

Shelters  (e)  through  (f)  are  referred  to  herein  as  "high  level 
weapon  effects  designs".  In  general  layout  they  are  identical  to 
the  previous  shelters  except  that  these  consist  entirely  of  RC. 
Also,  since  single-purpose  personnel  shelters  capable  of  resisting 
high  overpressures  are  not  of  primary  interest  to  Civil  Defense, 
these  were  costed  only  for  500-man  capacities. 

The  general  configuration  of  an  arch  shelter  (500-man)  is 
shown  in  Fig.  A. 2.  It  has  two  levels  with  the  second  floor 
resting  on  two  rows  of  reinforced  concrete  columns  with  footings 
separate  from  the  rest  of  the  structure.  The  second  floor  slab 
was  designed  to  resist  its  own  weight  plus  a  live  load  of  150  psf. 
location  of  this  shelter  relative  to  the  ground  surface  (burial 
condition)  is  shown  in  Fig.  A.  3.  Basic  shelter  dimensions  and 
arch  snell  thicknesses  of  the  structure  are  given  in  Fig.  A. 4 
and  Table  A. 2.  Construction  details  are  illustrated  in  Fig.  A. 5. 

Reinforcement  steel  includes  intermediate  grade  A15  ,  A16, 

A408 ,  with  fy  =40,000  psi  for  footings,  foundation  walls  and 
floor  slabs,  and  hard  grade  reinforcement  A15,  A16,  A408  with 
fy  =  50,000  psi  for  arch  shells  and  end  walls.  Welded  wire  fabric 
with  a  yield  strength  of  65,000  psi  is  used  for  slabs  on  ground. 
Percentages  of  main  reinforcement  are  summarized  in  Table  A. 3. 

Steel  arch  shelters  (Table  A.l)  for  fallout,  10  and  20  psi 
weapon  environments  were  designed  for  the  use  of  corrugated 
12  gage  steel  plate  with  corrugations  2  in.  deep  and  a  pitch 
6  in.  wide.  The  shell  of  the  30  psi  shelter  was  designed  for 
the  use  of  0.5-in.  flat  plate  formed  into  a  circular  arch  and 
supported  at  intermediate  positions  by  means  of  wide  flange  beam 
arch  ribs.  The  basic  dimensions  of  the  steel  arch  shelter  are 
the  same  as  those  of  the  reinforced  concrete  arch  and  are  given 
in  Figs.  A. 2  end  A. 4.  Footing  dimensions  given  in  Table  A. 2 
also  apply  to  the  steel  arch. 
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Column 


Dimensions  for  Indicated  Design 
Weapon  Environments,  in. 

10  psi  20  psi  30  psi  too  psi  150  psi 


Fig.  A. 5  CONSTRUCTION  DETAILS  OF  R/C  ARCH 


TABLE  A. 3 

PERCENT  REINFORCEMENT  FOR  INDICATED  STRUCTURAL  MEMBERS 
(Arch  Shelters,  Single-Purpose) 


Structural 

Reinf? 

Design  Weapon  Environment 

Member 

FRE 

10  psi 

20  psi 

30  psi 

100  psi 

150  psi 

Arch  Shell 

4)' 

1.0 

1.0 

1.0 

1.0 

1.0 

2.0 

t 

Arch  Footing 

0.13 

0.13 

0.13 

0.13 

0.25 

0.25  | 

0.58 

0.60 

0.96 

0.96 

1.0 

1.0 

End  Wall 

<*>' 

0.50 

0.50 

0.50 

0.50 

1.0 

1.0  i 

$ 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

• 

1  End  Wall  Footing 

<t>' 

0.13 

0.13 

0.13 

0.13 

0.25 

0.25  : 

j 

4. 

1.75 

1.75 

1.75 

1.75 

1.75 

1.75  j 

i 

Interior  Floor 
Slab  (second 

<J> 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

floor  level) 

1.5 

1.5 

1.5 

1.5 

1.5 

1.5 

Columns 

<j>' 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 

Column  Footings 

0 

1,0 

1.0 

1.0 

1.0 

1.0 

1.0 

o' 

0.75 

0.75 

0.75 

0.75 

0.75 

( 

0.75  ■ 

Lower  Level 

Floor  Slab 

0 

0.0025 

0.0025 

0.0025 

0.0025 

0.0025 

0.0025 

$  -  tension  reinforcement 
-  compression  reinforcement 

Note:  This  table  contains  percentages  of  main  reinforcement 
only.  Temperature  reinforcement  used  corresponds  to 
ACI  Standard  318-63. 
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****** 


A.  1.2  Rectangu1ar  Structures 

As  in  the  case  of  arch  structures,  reinforced  concrete  rec¬ 
tangular  structures  are  subdivided  into  four  design  weapon  environ¬ 
ment  categories  io  terms  of  ability  to  resist  one  of  the  following 
weapon  environments: 

•  fallout  radiation  alone, 

•  10  psi ,  free-field  overpressure  and  associated 
effects  of  prompt  nuclear,  thermal  and  fallout 
radiation  resulting  from  a  single  megaton  weapon, 

•  20  psi,  as  above,  and 

•  30  psi. 

These  are  also  "peripheral- type"  shelters.  They  may  be  located 
within  population  centers,  however,  siting  in  such  a  case  must 
correspond  to  peripheral  shelter  design  criteria  (Ref. 14).  A 
typical  peripheral  shelter  complex  (1000-man  capacity)  is  shown 
in  Fig.  A.  lb. 

The  general  configuration  of  this  shelter  is  shown  in 
Fig.  A. 6.  It  is  a  basic  500-man  module,  exterior  and  interior 
walls  forming  a  rectangular  grid.  Both  exterior  and  interior 
walls  are  one-way  slabs.  The  roof  member  is  a  two-way  slab. 

Basic  dimensions  are  given  in  Fig.  A.  7a  and  Table  A. 4.  Percent¬ 
ages  of  reinforcement  used  in  design  are  given  in  Table  A. 5. 
Reinforcement  grades  are  the  same  as  in  the  case  of  arch  shelters: 
intermediate  grade  for  footings  and  hard  grade  for  walls  and 
roof  slabs.  The  depth  of  protective  soil  cover  can  be  taken  as 
12  in.  Figure  A. 7  also  shows  how  two  basic  500-man  modules  are 
combined  to  form  a  single  1000-man  shelter.  Construction  de¬ 
tails  are  found  in  Fig.  A. 8  and  the  location  relative  to  the 
ground  surface  is  shown  in  Fig.  A. 9. 
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TABLE  A. 4 

BASIC  DIMENSIONS  OF  R/C  RECTANGULAR  SHELTER 


Member 

Dimensions  for  Indicated  Design 
Weapon  Environment,  in. 

FRE 

10  psi 

20  psi 

30  psi 

Roof  Thickness 

6 

9 

12 

18 

Exterior  Wall  Thickness 

8 

8 

9 

10 

Interior  Wall  Thickness 

6 

6 

6 

6 

Exterior  Footing  Width 

24 

24 

27 

36 

Exterior  Footing  Depth 

8 

8 

8 

8 

Interior  Footing  Width 

24 

24 

24 

24 

Interior  Footing  Depth 

1 _ 

8 

8 

8 

8 

TABLE  A. 5 

PERCENT  REINFORCEMENT  FOR  INDICATED  STRUCTURAL  MEMBERS 
(Rectangular  R/C  Shelters,  Single-Purpose) 


Structural  Member 

Percent  Reinforcement* 

Roof  Slab 

$  =  $'  =  1.0  (both  directions) 

Exterior  Wall 

=0.5  (outside  reinforcement) 

$  =1.0  (inside  reinforcement) 

Exterior  Wall  Footing 

♦top  "  °-13 

^bottom  0,53 

Interior  Wall 

$  =  $'  =  0.75 

Interior  Wall  Footing 

♦top  *  °'144 

^bottom  =  0,576 

Floor  Slab 

$  =  0.0025 

<J>  -  tension  reinforcement 

<T>  *  -  compression  reinforcement 

Note:  This  table  contains  percentages  of  main  reinforcement  only. 
Temperature  reinforcement  used  corresponds  to  ACI  Standard  318-63. 

217 


A. 1.3  Entranceways  for  Arch  and  Rectangular  Shelters 
A. 1.3.1  Low  Level  Weapon  Effects  Designs 

A  typical  entranceway  consists  of: 

(1)  an  underpass  type  tunnel, 

(2)  an  internal  shelter  door, 

(3)  an  external  shelter  door  (fallout  radiation 
environment  only) , 

(4)  a  bulkhead,  and 

(5)  a  blast  door  (no  door  is  provided  in  the  case 
of  a  fallout  radiation  environment) . 

Entranceway  details  are  shown  in  Fig.  A.  10  and  dimensions  are 
given  in  Table  A. 6.  The  tunnel  consists  of  corrugated  steel  plate 
section  with  corrugations  2-in.  deep  and  a  pitch  of  6-in.  The 
interior  door  is  of  standard  commercial  hollow  metal  construction, 
the  external  door  is  of  stiffened  steel  plate.  Entrance  bulk¬ 
heads  are  of  structural  steel  plate  formed  with  a  90-in.  radius. 
The  exterior  blast  door  is  made  of  two  skins  of  galvanized  metal 
and  a  core  of  aluminum  honeycomb.  The  honeycomb  is  installed 
with  its  ribbon  direction  spanning  the  24-in.  door  width.  The 
design  assumes  one  entranceway  for  each  500-man  (arch  or  rectangu¬ 
lar)  shelter  unit.  The  entranceway  location  relative  to  a  shelter 
is  illustrated  in  Figs.  A.l  and  A. 3. 

A. 1.3.2  High  Level  Weapon  Effects  Designs 

Entranceways  for  the  100  and  150  psi  arch  shelters  are  simi¬ 
lar  to  those  described  earlier  except  that  these  consist  of  RC 
cast  monolithica lly  with  the  shelter.  Due  to  high  overpressures 
to  be  resisted  the  blast  doors  are  also  different.  A  typical 
entranceway  is  illustrated  in  Fig.  A. 11.  The  blast  door  consists 
of  a  structural  steel  grid  filled  with  concrete.  It  rests  on 
rails  and  is  mechanically  actuated.  The  blast  door  detail  is 
shown  in  Fig.  A.  12  which  also  gives  the  overall  dimensions  of 
the  entranceway.  Dimensions  of  the  entranceway  cross  section  are 
given  in  Fig.  A. 13 . 
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Fig.  A. 10  ENTRANCEWAY  DETAILS  FOR  SINGLE-PURPOSE  ARCH  AND  RECTANGULAR 
SHELTERS  (SEE  TABLE  A. 6) 


TABLE  A. 6 

ENTRANCEWAY  DIMENSIONS  (LOW  LEVEL  WEAPON  EFFECTS  DESIGNS) 

(Single  Basic  Entrance) 
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Fig.  A. 11  ENTRANCEWAY  FOR  100  AND  150  psi  DESIGN  SHELTERS  (ELEVATION) 
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Fig.  A.  13  ENTRANCEWAY  CROSS  SECTION  (100  AND  150  psi  DESIGNS) 
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A. 2  COST  OF  SINGLE -PURPOSE  SHELTERS 


Total  unit  costs  of  the  single-purpose  (arch  and  rectangular) 
shelters  described  are  given,  the  detailed  costs  of  all  items 
comprising  these  totals  are  presented  in  Appendix  B.  Although 
referred  to  as  "shelter  costs"  they  are  in  reality  cost  estimates, 
or  probable  costs.  They  are  what  an  experienced  contractor  lo¬ 
cated  in  Chicago,  Illinois  would  probably  bid  in  the  spring  of 
1969  in  order  to  construct  these  structures  in  the  same  geographic 
area.  Being  defined  in  this  manner,  the  given  total  costs  are 
therefore  subject  to  variations  arising  from  contractor's  profit 
and  overhead  contingencies  (assuming  that  all  materials  and 
operations  are  explicitly  specified) . 

Contractor's  profit  is  simply  the  profit  he  expects  to  make 
on  the  job.  This  has  a  substantial  variation  depending  on  the 
particular  situation.  The  contractor  may  want  the  job  badly  and 
accept  a  low  profit,  say  less  than  5  percent.  In  competitive 
bidding  10  percent  is  quite  common.  Overhead  contingencies  in¬ 
clude  such  items  as: 

field  office  and  office  expenses, 

construction  equipment  storage  shack, 

construction  equipment  maintenance, 

job  estimation,  inspection  and  supervision, 

performance  bond, 

unemployment  taxes, 

social  security, 

liability  and  risk  insurance,  etc. 

For  cost  estimates  given  herein,  the  combined  contractor's  profit 
and  overhead  contingencies  were  taken  at  20  percent  of  the  total 
cost  for  labor  and  materials.  This  figure  was  recommended  by 
the  cost  estimator  employed  in  the  course  of  this  study. 
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Cost  estimates  given  relate  to  the  immediate  vicinity  of 
Chicago,  Illinois  in  the  spring  of  1969.  For  each  shelter  con¬ 
sidered  they  include  the  following: 

site  preparation  (land  clearance)  , 

shelter  structure  and  habitability  items 
(mechanical  and  electrical  equipment), 

entranceway , 

service  road  and  parking  lot,  and 

contractor's  profit  and  overhead  contingencies 
(20  percent). 

They  do  not  include: 

site  costs  such  as  land,  surveys,  soil  borings, 
legal  fees,  real  estate  agent  commissions,  or 
title  transfer  costs. 

design  costs  such  as  architects  and  engineers  fees, 

government  supervision,  administrative  and 
inspective, 

financing  costs , 

operating,  remodeling  and  maintenance  costs,  and 
cost  of  food  items  and  medical  supplies. 

Estimates  given  are  for  two  shelter  populations  (500  and  1000 
persons)  and  for  each  of  the  four  design  weapon  environments 
described  earlier. 

Six  cost  options  were  considered  with  each  shelter  size  and 
design  weapon  environment.  These  options  are  given  in  Table  A. 7 
in  the  order  of  decreasing  shelter  austerity.  Option  1  is  the 
most  austere  and  consists  of  a  basic  shelter  structure  with  en- 
tranceways.  No  habitability  items  of  any  kind  are  provided. 


- 

George  A.  Kennedy  and  Associates,  Inc.,  Structural  Engineers- 
Estimators,  75  E.  Wacker  Drive,  Chicago,  Illinois  60601 
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TABLE  A. 7 

SHELTERING  COST  OPTIONS 
(Cost  Items  Comprising  Sheltering  Options 


Note:  A  detailed  breakdown  of  costs  for  these  items  is  given  in  Appendix 


In  addition  to  structure  and  entranceways ,  costs  include  labor, 
materials  and  equipment  necessary  to  clear  the  shelter  site  and 
build  an  access  road.  It  will  be  remembered  that  shelters 
described  are  designed  to  be  constructed  close  to  highways  or 
railways  in  uninhabited  areas  on  the  periphery  of  large  popula¬ 
tion  centers.  In  such  areas  access  roads  leading  directly  to 
the  shelter  site  would  not  generally  exist. 

Cost  option  2  is  obtained  from  option  1  by  adding  OCD  ap¬ 
proved  habitability  items  such  as  ventilation  kits,  water  con¬ 
tainers  and  basic  electrical  equipment.  Cost  option  3  is  similarly 
obtained  by  adding  habitability  items  of  the  commercial  variety 
in  accordance  with  requirements  suggested  in  Refs.  15  and  16  .  This 
includes  ventilation,  plumbing  and  electrical  systems  and  pre¬ 
supposes  availability  of  normal  power  supply.  Partitions  in¬ 
cluded  in  this  cost  option  separate  the  toilet  from  the  living 
areas.  Cost  options  4,  5  and  6  are  identical  respectively  to 
options  1,  2  and  3  with  the  exception  that  the  shelter  site  is 
increased  to  provide  parking.  The  size  of  a  parking  lot  was 
planned  on  the  basis  of  0.4  cars  per  shelter  occupant.  Total 
unit  costs  are  summarized  in  Tables  A. 8  and  A. 9  and  the  costs  of 
individual  items  comprising  the  totals  are  given  in  Appendix  B. 

A. 3  DUAL-PURPOSE  SHELTERS 

A. 3 . 1  School  Basements 

Two  school  (Ref.  15) basements  (ordinarily  classrooms)  were 
designed  to  act  as  shelters  in  the  event  of  an  emergency.  Both 
schools  are  modern  two-story  structures  consisting  of  a  steel 
frame,  filler  walls  and  having  large  areas  of  window  space.  The 
first  school  accommodates  a  student  body  and  staff  of  500  persons  , 
while  the  second  accommodates  1100  persons.  Basement  shelter 
designs  for  5,  25  and  50  psi  overpressure  levels  and  associated 
effects  resulting  from  megaton  range  weapons  are  described. 

The  structures  in  question  are  illustrated  in  Figs.  A  .14  through 
A. 17,  and  basic  physical  characteristics  are  described  in  Table  A. 10. 
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TABLE  A. 8 

SUMMARY  OF  SINGLE -PURPOSE  SHELTER  COSTS  PER  SQUARE  FOOT  OF  SHELTER  AREA 


Costs  given  're  valid  for  suburban  areas  of  Chicago,  Illinois  for  the  spring  of  1969 


TABLE  A. 9 


SUMMARY  OF  SHELTER  COSTS  PER  SQ  FT  OF  SHELTER  AREA 
(RC  Arch,  500-Man  Capacity) 


Design 

Weapon 

Environment 

Cost  Option 

1 

2 

3 

4 

5 

6 

100  psi 

17.06 

17.33 

72.78 

25.45 

25.71 

31.15 

150  psi 

21.69 

21.9' 

30.07 

30.34 

35.57 

TABLE  a.  10 

BASIC  CHARACTERISTICS  OF  SCHOOL  BASEMENT  SHELTERS 


Characteristic 

Design  Environments 

5,  25  and  50  psi 

Capacity , 

persons 

550 

1100 

Gross  Floor  Area 
(sq  ft) 

'  6,440 

12,260 

Total  Volume  (cu  ft) 

57,960 

110,340 

Headroom  (ft) 

9 

9 

Shelter  Area  per 
Occupant  (sq  ft) 

11.7 

11.1 

Shelter  Volume  per 
Occupant  (cu  ft) 

105.3 

99.9 

Fallout  Protection 
Factor 

100 

100 

Maximum  Inside  Dose 
of  Initial  Radiation 
(rad) 

20 
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Structural  design  is  based  on  ultimate  strength  theory  and,  in 
most  cases,  is  controlled  by  blast  loading.  The  strength  under 
mormal  conditions  meets  the  requirements  of  the  current  ACI 
building  code.  Thicknesses  of  essential  structural  elements 
together  with  percent  reinforcement  are  given  in  Table  A.  11. 

The  basement  ceiling  of  the  5  psi  structure  has  a  one-way 
slab  spanning  between  the  exterior  walls  and  longitudinal  cor¬ 
ridor  beams.  For  the  25  and  50  psi  designs,  the  ceiling  spans 
two  directions  between  transverse  and  longitudinal  reinforced 
concrete  tilt-up  walls.  The  10  in.  slab  thickness  for  the 
5  psi  structure  is  governed  by  fallout  radiation  requirements, 
and  affords  a  minimum  protection  factor  of  100. 

The  21  and  30  in.  roof  slab  thicknesses  of  the  25  and  50  psi 
basement  schools  satisfy  structural  requirements  and  afford  the 
required  radiation  protection  to  reduce  the  initial  radiation 
on  the  ground  surface  to  a  tolerable  level  of  20  rad  or  less 
within  the  shelter. 

The  5  psi  shelter  has  cinder  block  interior  partitions; 
the  25  and  50  psi  shelters  have  reinforced  concrete  tilt-up  bear¬ 
ing  walls.  Reinforced  concrete  partitions  were  selected  in  the 
25  and  50  psi  schools  for  two  reasons:  to  serve  as  bearing  walls 
and  to  provide  adequate  lateral  resistance. 

The  designs  are  based  upon  a  minimum  concrete  strength  of 
3000  psi  throughout  for  the  25  and  50  psi  shelters  and  3000  psi 
for  the  roof  and  columns,  2500  psi  elsewhere,  for  the  5  psi 
shelter.  The  reinforcement  conforms  to  ASTM  A432  which  has  a 
minimum  yield  point  of  60,000  psi.  The  live  load  on  the  basement 
roof  is  taken  as  75  psf  for  the  classrooms  and  100  psf  for  the 
corridors.  The  dead  load  and  live  load  from  the  upper  level  roof 
slab  is  assumed  to  be  10  and  40  psf,  respectively.  Debris  loading 
is  assumed  to  be  negligible  in  combination  with  the  blast  load. 

The  normal  allowable  soil  bearing  capacity  is  taken  as  4  tons/sq  ft. 
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It  should  be  noted  that  these  basements,  although  designated 
as  classrooms,  can  be  easily  and  efficiently  adapted  to  numerous 
conventional  structures  having  different  uses,  i.e.,  office 
buildings,  police  stations,  fire  stations,  hospitals,  etc.  De¬ 
pending  upon  site  conditions,  such  as  type  of  foundation  material, 
location  of  water  table,  etc.,  structures  described  may  be  com¬ 
pletely  or  partially  buried  and  may  be  located  beneath  or  adjacent 
to  the  conventional  above  grade  structure. 

A. 3. 2  Parking  Garages 

Parking  garage  shelters  (Ref. 16)  described  are  one-story 
below  grade  reinforced  concrete  structures  proportioned  so  as  to 
provide  protection  against  the  effects  of  megaton  range  nuclear 
weapons.  They  are  designed  to  serve  the  obvious  dual  function 
of  parking  garage  during  normal  operation  and  shelter  during 
emergency  for  each  of  three  design  overpressure  levels,  5,  25 
and  50  psi.  These  shelters  are  illustrated  in  Figs.  A. 18  through 
A. 20  and  their  basic  physical  characteristics  are  given  in  Tables 
A.  12  and  A.  13.  Layout  is  based  on  multiples  of  a  29  by  37  ft  bay, 
proportioned  to  the  dimensions  of  an  average  city  block,  with 
either  parking  facilities  for  150  cars  or  shelter  space  for  5000 
persons,  as  required.  Typical  locations  for  this  type  of  shelter 
are  (a)  below  a  street-level  parking  area,  or  (b)  below  a  city 
park  site.  The  structure  below  the  parking  lot  (Structure  I) 
is  designed  with  a  roof  slab  which  doubles  as  the  deck  of  the 
parking  lot.  The  structure  below  a  city  park  site  (Structure  II) 
is  modified  to  support  3  ft  6  in.  of  topsoil  over  the  roof  slab 
for  landscaping.  The  structural  design  is  based  on  ultimate 
strength  theory  and,  in  most  cases,  is  controlled  by  the  blast 
loading.  The  strength  under  normal  loading  meets  the  requirements 
of  the  current  ACI  building  code. 

The  garage  ceiling  for  all  three  overpressure  levels  is  a 
twe-way  flat  slab  which  spans  between  the  exterior  walls  and  the 
interior  columns. 
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TABLE  A.  12 

BASIC  CHARACTERISTICS  OF  PARKING  GARAGE  SHELTERS 
(Capacity  5000  Persons) 


Characteristic 

Design  Hardness 

Level 

5  psi 

25  psi 

50  psi 

Gross  Floor  Area  (sq  ft) 

51,670 

51,670 

51,670 

Total  Volume  (cu  ft) 

413,360 

473,814 

473,814 

Headroom  (ft) 

8.00 

9.17 

9.17 

Shelter  Area  per  Occupant 
(sq  ft) 

10.33 

10.33 

10.33 

Shelter  Volume  per  Occupant 
(cu  ft) 

82.64 

1 

94.73 

94.73 

Fallout  Protection  Factor 

100.00  j 

100.00 

100.00 

Maximum  Inside  Dose 
of  Initial  Radiation  (rad) 

20.00 

1 

_jL 

20.00 

] 

20.00 

TABLE  A .  f  3 

SIZES  OF  STRUCTURAL  MEMBERS  IN  PARKING  GARAGE  SHELTERS 


Structural  Member 

5  psi 

25  psi 

50  psi 

Roof 

P 

I 

Slab  Thickness 

12' 

21" 

36" 

Drop  Panel  Thickness 

3" 

3" 

9" 

Columns 

12" 

1 ' -6" x  3'-6" 

1 '  -6" x  5  ' 

Column  Footings 

! 

Width 

6 '  -9"  x6'-9" 

14  '  x  14 1 

20'  x  20 ' 

Depth 

20" 

30" 

36" 

Concrete  Partitions 

Thickness 

6" 

6" 

A" 

6 

Partition  Footings 

Width 

18" 

18" 

18" 

Depth 

8" 

10" 

12" 

Exterior  Walls 

| 

Thickness 

8’’ 

8" 

8" 

Exterior  Wall  Footings 

Width 

20" 

22" 

46" 

Depth 

12" 

18" 

_ 

30" 

_ 1 
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SECTION  A  -  A 


SECTION  B-B 


SECTION  C-C 


SECTION  D-D 


SCALE 


PARKING  GARAGE  SHELTER 
FOR  5,000  PERSONS 


OUCT  CONNECTION 


Fig.  A. 20 

PARKING  GARAGE  SHELTER 
FOR  5,000  PERSONS 
25  AND  50  PSI 
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A  12-ia.  slab  thickness  is  used  for  the  5  psi  Structure  I  to  fulfill 
structural  requirements  and  afford  a  minimum  protection  factor  of 
at  least  100.  This  factor  is  somewhat  greater  for  Structure  II. 

Roof  slab  thicknesses  of  21  and  36  in.  are  used  in  the 
25  and  50  psi  garages  which  afford  sufficient  radiation  protec¬ 
tion  to  reduce  initial  radiation  on  the  ground  surface  to  a 
level  of  20  rads  or  less  within  the  shelter.  The  interior  par¬ 
titions  are  of  cinder  block  construction  in  the  5  psi  shelter 
and  reinforced  concrete  tilt-up  walls  in  the  25  and  50  psi 
shelters.  The  reinforced  concrete  partitions  were  selected  to 
provide  adequate  lateral  resistance  against  ground  shock. 

The  designs  are  based  upon  a  minimum  concrete  strength  of 
3000  psi  throughout  for  the  25  and  50  psi  shelter >,  and  3000  psi 
for  the  roof  system  and  columns,  25  psi  elsewhere  for  the  5  psi 
below  ground  garage.  The  reinforcement  conforms  to  ASTM  A432 
which  has  a  minimum  yield  point  of  60,000  psi.  Percent  rein¬ 
forcement  is  given  in  Table  A.  14.  The  combined  live  and  dead 
loads  on  the  garage  roof  of  Structures  I  and  II  are  taken  as 
100  and  450  psf,  respectively,  over  the  entire  surface.  Debris 
loading  is  assumed  as  negligible  in  combination  with  the  blast 
load.  The  normal  allowable  soil  bearing  capacity  is  taken  as 
4  tons/sq  fc.  The  equivalent  static  blast  load  on  the  garage 
roof  is  taken  as  equal  to  the  peak  incident  overpressure  at 
all  three  pressure  levels  based  on  allowable  maximum  deformations 
1.3  times  the  peak  elastic  value. 

The  main  blast  doors  at  the  ramp  entrances  of  the  25  and  50 
psi  shelters  consist  of  structural  steel  I-beams  with  steel  cover 
plates.  The  hollow  interior  of  the  doors  is  filled  with  concrete 
to  provide  the  required  radiation  protection  within  the  tunnel  por 
tion  of  the  ramps.  The  doors  are  mechanically  (electrical  power) 
roiled  open  and  closed.  Blast  seals  are  provided  around  the  door 
periphery  to  prevent  pressure  leakage  within  the  structure.  The 
ramp  entrance  doors  of  the  5  psi  shelter  consist  of  standard 
overhead  rolling  doors  reinforced  to  resist  the  blast  overpressure 
These  doors  are  operated  manually. 
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TABLE  A.  14 

PERCENT  REINFORCEMENT  FOR  INDICATED  STRUCTURAL  MEMBERS 
OF  PARKING  GARAGE  SHELTERS 


!  Structural  Member 

4 

.  ..  .... 

Design  Weapon  Environment 

5  psi 

25  psi 

50  psi 

Roof  Slab 

4>  -  0„  =  1.75 
e  c 

Oe  =  %  =  1*50 

$e  =  0c  =  1,5 

“0.0 

<J>V  =  0 . 5 

®v-0.5 

Columns 

<6*  =2.0 

0*  =2.0 

O'  =  2.0 

Column  Footings 

=  1.0 

o  =  i.o 

0  =1.0 

O'  =0.75 

o'  =0.75 

O'  =0.75 

! 

|  Concrete  Partitions 

N/A 

0  =  O'  =  0. 75 

0  =  0'  =  0.75 

Partition  Footings 

O  =0.576 

0  =0.576 

0  =0.576 

$ '  =  0 . 144 

o'  =0.144 

O'  =0.144 

Exterior  Walls 

O  =  1.0 

0  =  1.0 

o  =1.0 

e 

n 

o 

• 

On 

O'  =0.5 

O'  =0.5 

Exterior  Wall 
Footings 

0  =0.53 

<&'  =0.13 

0  =0.53 

O'  =0.13 

0  =0.53 

O'  =0.13 

1 

Og  =  percent  steel  at  end,  effective 
$c  =  percent  steel  at  centerline 
0  *  percent  tension  steel 


O'  ■  percent  compression  steel 
■  percent  web  reinforcement 
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A. 3. 3  Expressway  Grade  Separation  Shelters 

Expressway  grade  separation  shelters  were  designed  and  costed 
in  connection  with  the  study  described  in  Ref.  63.  In  the  present 
study  this  group  of  shelter  concepts  were  reexamined  to  determine 
their  life-saving  potential  and  to  update  their  estimates  of  cost. 

Shelters  considered  are  illustrated  in  Fig.  A. 21,  A. 22  and  A. 23. 
These  illustrations  provide  basic  plans  for  the  three  shelters 
each  designed  to  resist  a  different  "design  overpressure"  level, 
i.e.,  5,  25  and  50  psi.  Figure  A. 21  shows  a  three-dimensional  cut¬ 
away  view  of  one  side  of  the  grade  separation  (bridge)  modified 
to  include  a  personnel  shelter.  The  shelter  has  two  levels. 

The  upper  level  plan  is  given  in  Fig.  A. 22  and  the  lower  in  Fig. A. 23. 
This  is  a  RC  shelter  which  makes  use  of  the  conventional  structural 
portions  of  the  bridge.  Its  interior  and  exterior  walls  carry 
vertical  loads  and  are  designed  to  act  as  shear  walls  and  to  resist 
flexure. 

Structural  design  was  carried  out  on  the  basis  of  ultimate 
strength  with  a  ductility  ratio  of  1.3.  In  the  case  of  5  psi  and 
25  psi  designs,  the  structure  consists  entirely  of  continuous  one¬ 
way  RC  slabs;  while  in  the  case  of  the  50  psi  design,  additional 
supporting  members  such  as  beams  and  columns  were  found  to  be  neces¬ 
sary.  In  addition  to  resisting  flexure  and  axial  load,  the  vertical 
members  also  act  as  shear  walls.  In  all  cases  the  roof  slab,  which 
carried  vehicular  and  pedestrian  traffic,  satisfies  the  strength  re¬ 
quirements  of  AASHO  1953  specifications.  Interior  floor  slabs 
(not  subject  to  direct  blast  pressures)  were  designed  for  a  uni¬ 
formly  distributed  live  load  of  100  psf  with  load  factors  of  1.5 
for  dead  load  and  1.8  for  live  load.  Properties  of  materials  con¬ 
sidered  herein  are  summarized  below. 

•  Compressive  strength  of  concrete 
(fl)  =  4000  psi 

•  Dynamic  compressive  strength  of  concrete 
(1.25  f^)  =  6000  psi 

•  Dynamic  yield  strength  of  reinforcing  steel 

(fyd)  =  52 >000  Psi 
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Fig.  A. 22  UPPER  LEVEL  FLOOR  PLAN 
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•  Allowable  dynamic  soil  pressure  8  /sq  ft 

•  Percent  reinforcement  6  =  6'  =1.0  percent 

•  Depth  of  reinforcement  2  in.  both  sides 

Structural  component  thicknesses  for  the  three  shelters  are 
given  in  Table  A.  15. 


TABLE  A- 15 

STRUCTURAL  COMPONENT  THICKNESSES  FOR  THREE  SHELTERS 


Component 

5  psi 

25  psi 

50  psi 

Roof  Slab 

Section  A  (Fig.  B.8) 

18” 

22" 

20" 

Section  B 

18" 

18" 

22" 

Section  C 

18" 

18" 

CM 

CM 

External  Walls 

Sections  1-2,  2-3 

10" 

12" 

14" 

All  Others 

18" 

18" 

22" 

Partitions 

6" 

6" 

6" 

Floor  Slabs 

Columns 

Beam 

6" 

6" 

6" 

15"  x  15" 

18.5"  x  36" 

Footings 

Wall 

2'7"  x  8" 

4*3"  x  10" 

7'8"  x  1'10" 

Column 

♦ 

8 ' o"  x  e'o" 

'fc 

4>  =  percent  tension  steel 
=  percent  compression  steel 
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A. 3. 4  Subway  Passenger  Station  Shelter 

The  Judiciary  Square  passenger  station  is  part  of  the  pro¬ 
posed  Washington  Metropolitan  Area  Rapid  Transit  subway  system. 

Its  location  within  the  proposed  transportation  network  is  shown 
in  Fig.  A. 24.  Its  general  plan  and  elevation  are  shown  in 
Fig.  A. 25.  This  is  a  600-ft.  long  RC  structure  consisting  of 
twelve  50-ft  sections  (units)  (see  Fig.  A. 26).  Its  cross  section 
forms  an  elliptic  arch  with  a  flat  base.  A  typical  half-section 
through  the  arch  is  shown  in  Fig.  A. 27.  The  arch  is  of  waffle- 
slab  construction,  variable  thickness  and  is  doubly-reinforced. 

It  enclosed  two  mezzanines  and  two  passenger  stations  (see  Fig. A. 25) 
and  connects  two  entranceways .  Transportation  tunnels  leading  to 
and  from  the  station  are  of  rectangular  cross  section  as  is  usual 
in  cut  and  cover  construction.  Ventilation  structures  are  located 
at  both  ends  of  the  station  (Fig.  A. 25)  as  are  service  rooms. 

Service  rooms  are  located  near  the  entrances  at  two  levels,  i.e., 
the  mezzanine  and  the  track  level.  Ventilation  shafts  are  pro¬ 
vided  as  shown  in  Fig.  A. 26.  The  spacing  of  ventilation  shafts 
is  approximately  75  ft  except  in  the  re6ion  occupied  by  the  mez¬ 
zanine.  Concrete  ducts  with  air  supply  registers  are  provided 
in  the  mezzanines  (see  Fig.  A. 27).  These  ducts  emanate  from  the 
service  areas.  Total  cross-sectional  area  of  openings  leading 
to  the  station  is  given  in  Table  A.  16. 

The  mezzanine  is  intermediate  between  the  street  level  and 
the  station  platforms.  It  consists  of  two-way  RC  slabs  supported  on 
24- in.  diameter  columns.  The  mezzanine  is  shown  in  Figs.  A. 25 
and  A. 27.  The  net  floor  area  of  the  two  mezzanines  is  estimated 
at  7500  sq  ft. 

Passenger  platforms  are  located  within  the  station  as  shown 
in  Fig.  A. 27,  They  consist  of  RC  slabs  and  are  located  approxi¬ 
mately  5-ft  above  the  floor  level.  Space  beneath  the  platforms 
is  used  for  electric  utilities  and  air  supply.  Passenger  platforms 

j 

are  600-ft  long  (each)  and  have  a  total  width  of  12  f t - 1/2  in. 
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Street  Level 


Fig.  A.  26  JUDICIARY  SQUARE  PASSENGER  STATION,  ROOF  PLAN  (HALF  SECTION) 
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Fig.  A. 27  JUDICIARY  SQUARE  PASSENGER  STATION  ARCH 
(SURVEY  STATION  37  +  70) 
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TABLE  A.  16 

OPENINGS  LEADING  INTO  THE  PASSENGER  STATION 


1.  ventilation  shaft  openings  in  the  roof  of  the  station  and 
service  areas;  six  openings  with  an  average  duct  (cross- 
sectional)  area  of  23.1  sq  ft  each.  One  opening,  23.6  sq  ft 
and  one  openings,  12.5  sq  ft. 


2.  Ventilation  structure  openings: 

West  structure,  195  sq  ft 
East  structure,  228  sq  ft 


3.  Entranceways :  193  sq  ft  each 


4.  Total  duct  area  (excluding  gratings  and  other  obstructions) 
983.7  sq  ft 


The  net  usable  area  (sheltering  purposes)  of  each  platform  (after 
deducting  four  escalator  pits,  six  columns,  parapet  and  a  longi¬ 
tudinal  edge  distance  of  1.5  ft)  is  5622  sq  ft  or  a  total  of 
11,244  sq  ft  for  this  passenger  station. 

Assuming  that  only  passenger  platforms  and  mezzanines  are 
used  for  sheltering  purposes  then  the  total  usable  floor  area 
available  is  18,744  sq  ft.  At  10  sq  ft  per  person  this  is  capable 
of  accommodating  1874  shelterees.  With  the  total  (gross)  station 
volume  of  900,000  cu  ft,  the  volume  per  occupant  is  480  cu  ft. 

If  the  total  floor  area  of  the  station  (mezzanines,  platforms, 
track  area,  etc.)  is  utilized,  then  the  available  floor  area  is 
46,700  sq  ft  and  is  capable  of  accommodating  4670  shelterees. 
Shelter  volume  per  occupant  in  this  instance  is  193  cu  ft.  The 
above  calculations  include  only  the  station  and  not  the  service 
area  (see  Fig.  A. 26).  Service  areas  would  not  be  generally  avail¬ 
able  for  sheltering  purposes. 

Sheltering  costs  for  this  passenger  station  are  given  in 
Chapter  One  together  with  protective  capabilities. 
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A. 4  COSTS  OF  DUAL-PURPOSE 

A . 4 . 1  Schools  and  Parking  Garages 

The  costs  of  dual-purpose  shelters  described  are  estimated. 

As  previously  clarified,  these  are  in  reality  cost  estimates 
based  on  what  an  experienced  contractor  located  in  Chicago, 
Illinois  would  most  probably  bid  in  the  spring  of  1969  in  order 
to  construct  these  structures  in  the  same  location.  Being  thus 
defined,  the  given  costs  are  subject  to  variations,  as  is  usually 
the  case  when  bids  are  submitted  for  a  given  job.  See  Section  A. 2 
for  a  brief  discussion  of  such  variations. 

For  each  structure  considered  the  costed  items  include: 

shelter  structure  ;/ith  entranceways  , 
habitability  items,  and 

contractor’s  profit  and  overhead  contingencies 
(20  percent) . 

They  do  not  include: 

site  costs  such  as  land,  land  clearance,  surveys, 
soil  borings,  legal  fees,  real  estate  agent  com¬ 
missions  or  title  costs, 

design  costs  such  as  architect  and  engineer  fees, 
government  supervision;  administrative  and  inspective, 
financing  costs, 

operating,  remodeling  and  maintenance  costs,  and 
cost  of  food  items  and  medical  supplies. 

When  considering  dual-use  shelters  a  clear  understanding  of 
"sheltering  cost"  is  important.  The  sheltering  cost  is  the  cost 
incurred  in  providing  the  sheltering  capability  in  a  given  struc¬ 
ture.  Depending  on  the  weapon  environment,  this  capability  may 
be  achieved  through  "slanting"  or  "hardening"  a  portion  of  such 
a  building.  The  sheltering  cost  then  is  the  difference  between 
the  cost  of  the  building  with  shelter  and  without,  and  occurs 
due  to  additional  labor,  materials,  equipment  and  supplies  re¬ 
quired  in  providing  such  a  capability.  Obviously,  in  order  to 
determine  sheltering  costs  in  any  one  case  we  need  two  sets  of 
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cost  data:  one  for  the  building  with  shelter,  and  one  without. 
For  hardened  structures  discussed  in  this  section,  comparable 
conventional  basements  are  not  available.  In  order  to  determine 
sheltering  costs,  use  is  made  of  structures  (school  basements 
and  parking  garages)  (Refs .  53  and  54  )  designed  to  resist  conven¬ 
tional-use  loads  and  fallout  radiation.  A  review  of  their  de¬ 
sign,  i.e.  ,  span  lengths,  member  thicknesses,  percent  reinforce¬ 
ment,  etc.  indicates  that  for  purposes  of  cost  comparisons  these 
structures  may  be  considered  as  being  of  the  conventional  use 
type  and  are  henceforth  referred  to  as  such.  With  the  exception 
of  member  thicknesses,  these  conventional  structures  (school 
basements  and  parking  garages)  are  in  all  other  respects  iden¬ 
tical  to  the  hardened  structures  discussed  herein  (see  Figs.  A.  14 
through  A. 17  for  basement  schools  and  Figs.  A.  18  through  A. 20 
for  parking  garages)  and  are  therefore  not  illustrated. 

Three  cost  options  are  considered  for  both  use  classes.  Cost 
option  1  consists  of: 

(1)  Shelter  structure,  conventional  doors,  blast 
doors,  stairs  and  associated  hardware. 

(2)  Mechanical  and  electrical  equipment  of  com¬ 
mercial  variety  commensurate  with  conventional 
as  well  as  emergency  use. 

Cost  option  2  consists  of: 

(1)  Shelter  structure,  conventional  doors,  blast 
doors,  stairs  and  associated  hardware. 

(2)  Mechanical  and  electrical  equipment  of  com¬ 
mercial  variety  commensurate  with  conventional 
use  only.  Special  mechanical  and  electrical 
equipment  capable  of  reliable  functioning  under 
emergency  conditions  is  not  provided. 

Cost  option  3  consists  of: 

(1)  Shelter  structure,  conventional  doors,  blast 
doors,  stairs  and  associated  hardware. 

(2)  Mechanical  and  electrical  equipment  of  commer¬ 
cial  variety  commensurate  with  conventional 
use  only. 
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(3)  Recommended  PCD  items  such  as  , 
ventilation  kits 

water  containers  convertible  to  chemical 
toilets 

electrical  package 

Shelter  costs  for  the  three  options  discussed  are  summarized 
in  Tables  A.  17'  through  A.  19  for  the  basement  shelters  and  Tables 
A. 20  and  A. 21  for  the  parking  garage  shelters.  Detailed  costs 
of  items  comprising  these  options  are  given  in  Appendix  B. 

For  accounting,  scheduling  as  well  as  subcontract  purposes, 
contract  costs  on  a  given  project  are  generally  subdivided  into 
convenient  categories  which  define  distinct  construction  opera¬ 
tions,  labor  skills,  types  of  equipment  and  their  usage,  materials 
of  construction,  etc.  Such  categorization  also  provides  a  con¬ 
venient  means  for  determining  the  relative  influence  of  various 
individual  cost  items  on  the  total  project  costs.  In  the  case  of 
dual-use  shelters  discussed,  the  primary  cost  categories  include: 

(1)  Earthwork  and  Structural 

(2)  Architectural 

(3)  Mechanical 

(4)  Electrical 

The  first  category  includes  such  cost  items  as  excavation,  back¬ 
fill,  forming,  framing,  concrete,  etc.  The  result  is  a  complete 
structure  without  finishes  or  utilities.  The  second  category 
includes  finishes  such  as  painting,  floor  tile  as  well  as  doors, 
partitions,  etc.  Category  (3)  includes  all  mechanical  work  and 
equipment  such  as  plumbing,  heating  and  ventilation.  Installa¬ 
tion  of  electrical  equipment  including  wiring  is  contained  in 
category  (4) . 

The  relative  influence  of  these  categories  on  the  total  cost 
is  illustrated  graphically  for  one  cost  option  in  Figs.  A. 28  and  A. 29 
It  will  be  noted  that  category  (1)  is  the  major  contributor  to 
the  total  shelter  cost.  This  holds  true  for  both  single-  and 
dual-purpose  shelters. 
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TMiLE  A.  17 

SUMMARY  OF  TOTAL  COSTS  FOR  SCHOOL  BASEMENT  SHELTERS ,  COST  OPTION 
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TABLE  A. 18 

SUMMARY  OF  TOTAL  COSTS  FOR  SCHOOL  BASEMENT  SHELTERS,  COST  OPTION  2 
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TABLE  A. 20 


SUMMARY  Of  TOTAL  COSTS  FOR  PARKING  CARACE  SHELTERS ,  STRUCTURE  1 ,  FOR  VARIOUS  COST  OFTIONS 
(Capacity  5000  Parsons ,  Gross  Floor  Arss  51,670  *q  ft) 


Cose 

Option 


Description 


Conventions  1 


Design  Weapon  Environments,  pel 


25 


Earthwork  and  Structural 
Architectural 
Mechanical 
Electrical 

Total  Direct  Contract  Cost 

Contractor's  Profit  ami 
Overhead  Contingencies 
(20E) 

Total  Cost 

Cost  Difference  Over 
Convuntional 

Unit  Cost  (total) 

L'r.lt  Cost  Difference 
Over  Conventional 


Cost  Increase  Over 
Conventional  (7.) 


Earthwork  and  Structural 

Arcnltectural 

Mechanical 

Electrical 

Total  Direct  Contract  Cost 

Contractor's  Profit  and 
Overhead  Contingencies 
(207.) 

Total  Cost 

Cost  Difference 
Over  Conventional 

Unit  Cost  (total) 

Unit  Cost  Difference 
Over  Conventional 


Cost  Difference  Over 
Conventional  (T) 


'Earthwork  and  Structural 
'Architectural 
Mechanical 
Electrical 

( Total  Direct  Contract  Cost 

Contractor's  Profit  and 
Ovcrh.-ad  Contingencies 
(207.) 

Total  Cost 

Cost  Difference 
Over  Conventional 

Unit  Cost  (total) 

Unit  Cost  Difference 
Over  Conventional 


Cost  Increase  Over 
Conventional  (7.) 


550,691 


309,602 
42 .670 
83,511 
23,126 
458.909 

91,782 


Cost  ($)  Qo»t*n)  C°*C  Cost'*?.) 


309,602 
42 ,670 
83,511 
23,126 
458,909 

91,782 


88,480  14.9 

34,706  5.9 

493,901 

98,780  16.7 

592,681  100.0 

41,990 


328,412 

42,303 

83,511 

23,126 

477,352 

95,470 

572  ,822 
22,131 
11.09 
0.43 


501,976 

62.1 

40,770 

5.0 

93,940 

11.6 

36,918 

4.6 

673,604 

-- 

134,721 

16.7  1 

808,325 

100.0 

257,634 

-- 

15.64 

-- 

4.98 

— 

46.77. 

-- 

501,976 

64.4 

40,770 

5.2 

83,511 

10.7 

23,126 

3.0 

649,333 

-- 

129,877 

16.7 

779,260 

100.0 

228,569 

•- 

15.08 

1 

>36 

67.2 

>70 

3.8 

>40 

8.9 

118 

3.4 

164 

-- 

73 

16.7 

12 

40 

83 

23 


859,643 


480,861 


6 

69.0 

0 

4.0 

1 

8.1 

6 

2.2 
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TABLE  A. 21 


SUttttRY  OF  TOTAL  COSTS  FOR  PARKING  CARACE  SHELTERS,  STRUCTURE  II,  FOR  VARIOUS  COST  OPTIONS 
(Capacity  SOOO  Peraons  ,  Cross  Floor  Araa  SI, 670  *q  ft) 


Coat 

Option 

I 


Description 


Earehwutk  and  3UucCui.il 

Architectural 

Mechanical 

Electrical 

Tocal  Direct  Contract  Coat 

Contractor's  Profit  and 
Overhead  Contingencies 
(207.) 

Total  Cost 

Cost  Difference  Over 
Conventional 

Unit  Cost  (total) 

Unit  Cost  Difference 
Over  Conventional 


Cost  Increase  over 
Conventional  (7.) 


Design  Weapon  Environments,  pel 


Conventional 

5 

1 - 

1 

25 

50 

Cost  ($) 

Tocal 
Cost  (%) 

Cost  ($) 

Total 
Coat  (%) 

Cost  ($) 

Total 
Coat  (%) 

;  Cost  ($) 

Tot 

Cost 

395,101 

61.7 

408,288 

60.9 

545  ,476 

64.5 

752,392 

68 

31  ,480 

4.9 

27,648 

4.1 

28,290 

3.3 

28,290 

2. 

83,511 

13.1 

88,480 

13.2 

93,940 

11.1  | 

93,940 

8. 

23,126 

3.6 

34,706 

5.1 

36,918 

4.4  | 

36,918 

3 

533,218 

— 

559,122 

-- 

704,624 

! 

911,540 

- 

106 ,644 

16.7 

111,824 

16.7 

182,308 

16 

639,862 

100.0 

670,946 

100.0 

1,093,848 

100 

— 

— 

31,084 

-- 

453,986 

- 

12.38 

-  i 

12.99 

— 

21.17 

- 

-- 

0.61 

-- 

-- 

8.79 

- 

4.97. 


32 . 17. 


71.0% 


Earthwork  and  Structural 

395,101 

61  7 

408,286 

62.7 

545,476 

66.8 

752,392 

70 

Architectural 

31,480 

4.9 

27,648 

4.2 

28,290 

3.5 

28,290 

2 

Mechanical 

83,511 

13.1 

83,511 

12.8 

83,511 

10.2 

83,511 

7 

Eleccrlcal 

23,126 

3.6 

23,126 

3.6 

23,126 

2.8 

23,126 

2 

Total  Direcc  Contract  Cost 

533,218 

•  - 

542,573 

— 

680,403 

-- 

887,319 

- 

Contractor's  Profit  and 
overhead  Contlngenc ies 
(207.) 

105.644 

16.7 

108,515 

16.7 

i:i6,08i 

16.7 

177,464 

16 

Total  Cost 

639,862 

100.0 

651,088 

100. 0 

816,484 

100. 0 

1  ,064,783 

100 

Cost  Difference  Over 
Conventional 

— 

11.226 

— 

176,622 

-- 

424,921 

- 

Unit  Cost  (total) 

12.38 

12.60 

— 

15.80 

.. 

20.61 

- 

Unit  Cost  Difference 

Over  Conventional 

.. 

0.22 

— 

3.42 

-- 

8.23 

- 

Cost  Difference  Over 
Conventional  (%) 

-- 

1.87. 

— 

27.67, 

-- 

66.57. 

- 

Earthwork  and  Structural 

395,101 

51.7 

408,288 

61.4 

545  ,476 

Architectural 

31,430 

4.9 

27,648 

4.2 

28,290 

Mechanlca  1 

83,511 

1.3.1 

92,711 

13.9 

92,711 

Electrlca 1 

28.126 

3  6 

25  ,626 

3.8 

25  ,626 

Total  Direct  Contract  Cost 

533,218 

-- 

554  ,273 

-- 

692 ,103 

Contractor's  Profit  and 
Overhead  Contingencies 
(207.) 

106 ,644 

16.7 

110,855 

16.7 

138,421 

Total  Cost 

639,862 

100.0 

665,128 

100.0 

830,524 

Cost  Difference 

Over  Convent  ior.al 

— 

-• 

25  ,266 

-- 

190,662 

Unit  Cost  (total) 

12.38 

-- 

12.87 

-- 

16.07 

Unit  Cose  Difference 

Over  Conventional 

— 

-- 

0.49 

-- 

3.69 

65.7 

3.3 

11.2 

3.1 


16.7 

100.0 


752  ,392 
28,290 
92.711 
25,626 
899,019 

170,804 

1  ,078,823 
433,961 
20.83 
8.50 


69 

2 

8 

2 


16 

100 


Percent  of  Total  Shelter  Cost 


Dual-Use  Basement  Shelters 
Population:  550 
Cost  Option  1 


..Mechanical  equipment 


v  Architectural  Equipment 


^Electrical  Equipment 


Q  L-  —  — —  — —  — f  —  ^ —  — — .....  •  1  fr  | 

0  10  20  30  40 

Design  Overpressure,  psi 


50 


Fig.  A. 28  COST  OF  STRUCTURE  AND  EQUIPMENT  SHELTER 

COMPONENTS  AS  PERCENT  OF  TOTAL  SHELTER  COST 
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Percent  of  Total  Shelter  Cost 


70 


Dual-Use  Parking  Garage 
Shelters 
Population  5000 
Cost  Option  1 


30 


20 


•Mechanical  Equipment 


-  - 


10  + 


— — - 


0 


-+ - 

10 


Architectural  Items 


'Electrical  Equipment 


20  30  40 

Design  Overpressure,  psi 


50 


Fig.  A.  29  COST  OF  STRUCTURE  AND  EQUIPMENT  SHELTER 

COMPONENTS  AS  PERCENT  OF  TOTAL  SHELTER  COST 
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In  Che  example  of  dual-purpose  basement  structures,  this  category 
accounts  for  41.6  percent  (see  Table  A. 17)  of  the  cost  for  a  con¬ 
ventional  basement,  and  55.3  percent  of  the  cost  for  the  same 
basement  hardened  to  50  psi.  If  we  consider  dual-use  parking 
garages,  category  (1)  accounts  for  56.2  percent  (see  Table  A. 20) 
of  the  total  cost  in  the  case  of  a  conventional  garage,  and 
67.2  percent  of  the  total  cost  for  the  same  garage  hardened  to 
50  psi.  The  remaining  three  cost  categories  (see  Fig.  A. 28  and 
A. 29)  contribute  significantly  less.  It  is  evident  that  in  order 
to  reduce  sheltering  costs,  it  is  worthwhile  to  seek  those  struc¬ 
tural  configurations  which  are  capable  of  reducing  construction 
costs  but  not  reducing  survivability.  In  this  respect,  school 
basements  considered  herein  are  more  efficient  tnan  parking 
garage  shelters. 

A . 4 . 2  Grade  Separation  Shelters 

Expressway  grade  separation  shelters  considered  herein  were 
designed  and  costed  in  connection  with  the  study  described  in 
Ref.  63.  The  respective  costs  were  for  the  Chicago,  Ill.  area  in 
midyear  1964.  This  subsection  contains  costs  for  this  group  of 
shelters  updated  to  midyear  1969. 

Reference  63  considered  one  (habitability)  cost  option.  This 
option  was  based  on  commercially  available  life-support  equipment. 
In  order  to  give  the  planner  several  choices,  two  cost  options 
are  considered  in  this  study.  Cost  option  1  makes  use  of  life- 
support  equipment  developed  by  OCD  (see  Table  B.9).  Cost  option  2 
makes  use  of  commercially  available  habitability  items  together 
with  package  ventilation  kits.  It  is  based  on  the  following  as¬ 
sumptions  . 

1.  Sanitary  facilities  are  provided  in  accordance  with  Ref.  64 
and  are  based  on  800  occupants  for  a  period  of  14  days. 
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2.  It  is  assumed  that  no  outside  utilities  will  be  available 
in  the  event  of an  attack.  Thus,  storage  tanks  for  potable 
water  are  provided.  A  motor  generator  set  is  provided  to 
furnish  a  power  source  for  electric  lighting  and  other 
electric  power  requirements  in  accordance  with  Ref.  65. The 
generator  is  to  be  run  by  a  diesel  engine  drawing  fuel 
from  an  underground  tank. 

3.  Ventilation  is  provided  by  shelter  package  ventilation  kits 
with  filters  (Ref.  66).  No  period  of  complete  closure  to 
the  outside  is  contemplated,  thus  no  internal  oxygen  supply 
is  considered. 

4.  Lighting  is  assumed  to  be  provided  by  public  service  on  AC 
current  until  the  time  of  emergency,  and  thereafter  by 
means  of  a  DC  generator  within  the  shelter. 

5.  Medical  supplies,  food,  sleeping  accommodations,  and  commu¬ 
nication  equipment  are  not  included  in  this  cost  option. 

All  emergency  electrical  power  would  be  provided  by  means  of  a 
20  kw  generator  powered  by  a  35  hp  diesel  engine  (Ref.  64).  The 
engine  is  provided  with  a  14-day  fuel  supply  based  on  a  continuous 
use.  The  2000  gallons  of  fuel  required  is  stored  in  an  underground 
tank.  Lighting  provided  is  based  on  a  1-ft  candle  level  in  berthing 
and  standing  areas,  5-ft  candles  in  exercise  and  toilet  areas, 
and  15-ft  candles  in  food  preparation,  reading  and  medical 
attention  areas  (Ref.  63).  It  is  also  assumed  that  lights  will 
be  wired  to  run  on  ordinary  115V  60-cycle  AC  power  when  it  is 
available,  and  DC  generator  power  when  AC  power  is  not  available. 

Sanitary  facilities  and  water  for  shelteree  use  are  provided 
in  accordance  with  Ref.  63  and  are  summarized  below. 


Item 

Unit  Quantity 

Total  Provided 

Water 

28  gal/person 

22,400  gallons 

Toilets 

5/100  people 

40 

Urinals 

1/100  people 

8 

Ventilation  would  be  supplied  by  four  shelter  package  ventila¬ 
tion  kits  (Ref.  66).  Four  of  these  units  will  supply  a  total  of 
the  minimum  requirements  set  down  (Ref.  63).  The  ventilation 
unit  can  ordinarily  run  off  the  generator,  but  in  case  there  is  a 
power  failure,  the  generators  are  provided  with  bicycle  drives. 
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Sheltering  costs  for  the  two  cost  options  described  are  summarized 
in  Tables  A. 22  and  A. 23.  They  represent  average  values  in  the 
Chicago  Metropolitan  area  for  midyear  1971.  Items  included  in  the 
mechanical,  electrical  and  architectural  portions  are  listed  in 
Table  A. 24  for  cost  option  2.  Mechanical  and  electrical  items 
for  cost  option  1  are  the  same  as  for  option  2.  In  Tables  A. 22 
and  A. 23  the  item  labeled  "Structural  and  Earthwork"  includes  labor 
and  materials  for  excavation,  backfill,  grading,  formwork,  concrete, 
reinforcing  steel,  finishing,  and  blast  doors  which  are  of  RC. 

Costs  given  do  not  include  price  of  land  or  architects  and  eng¬ 
ineers  fees. 
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TABLE  A. 22 

SUMMARY  OF  COSTS,  EXPRESSWAY  GRADE  SEPARATION  SHELTERS 

COST  OPTION  1 


Item 

5  psi 

25  psi 

50  psi 

Earthwork  and  Structural 

$90,700 

$96,000 

$117,000 

Mechanical  \ 

Electrical  J 

1,870 

1,870 

1,870 

Architectural 

6  ,035 

6  ,035 

6,4^5 

Credit  for  Portions  of  the  Original 
Structure 

-42  ,400 

-42,400 

-42,400 

Net  Contract  Cost 

56  ,205 

61,505 

82,925 

Contractors  Profit  and  Overhead 
Contingencies  (20?o) 

11,200 

12,300 

16,600 

Total  Cost 

67  ,405 

73,805 

99,525 

Gross  Floor  Area ,  sq  ft 

7,725 

7,725 

7,725 

Unit  Cost 

8.70 

9.60 

12.90 

TABLE  A. 23 

SUMMARY  OF  COSTS,  EXPRESSWAY  GRADE  SEPARATION  SHELTERS 

COST  OPTION  2 


Item 

5  psi 

25  psi 

50  psi 

Earthwork  and  Structural 

$90,700 

$96,000 

$117  ,000 

Mechanical 

28,170 

28,170 

28,170 

Electrical 

12 ,060 

12,060 

12,060 

Architectural 

6,035 

6,035 

6,45^ 

Credit  for  Portions  of  the  Original 
Structure 

-42  ,400 

-42  ,400 

-42,400 

Net  Contract  Cost 

94,565 

100,265 

121,285 

Contractors  Profit  and  Overhead 
Contingencies  (207o) 

18,900 

20,000 

24,300 

Total  Cost 

113,465 

120,265 

145,585 

Gross  Floor  Area  ,  sq  ft 

7,725 

7,725 

7,635 

Unit  Cost 

14.70 

15.60 

19.10 
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TABLE  A. 24 

ARCHITECTURAL ,  ELECTRICAL  AND  MECHANICAL  COSTS 


Type 

Description 

Units 

Cost 

dollars 

Quantity 

Total 

dollars 

1.  Toilet  Units 

each 

300 

40 

12,000 

2.  Urinal  Trough 

each 

250 

8 

2,000 

3.  Partitions 

lot 

500 

1 

500 

Mechanical 

4.  Preparation  of 
Sanitary  Pit 

lot 

2000 

1 

2  ,000 

5 .  Potable  Water 
Tank 

each 

5500 

1 

5,500 

6.  Piping 

lot 

1200 

1 

1,200 

7.  Wash  Fountains 

each 

375 

10 

3,750 

8.  Ventilation 
Units 

each 

305 

4 

1,220 

28,170 

1.  Public  Hookup 

lot 

90 

1 

90 

2 .  Fuse  and 

Switch  Box 

each 

1 

j 

500 

1 

500 

3.  Wiring 

lot 

1400 

1 

1,400 

Electrical 

4.  Lighting 
Fixtures 

lot 

960 

1 

960 

5.  Installation, 
items  2  to  4 

lot 

3800 

1 

3  ,800 

6 .  Engine  Gener-  j 
ator  Set 

each 

4400 

1 

4,400 

7.  Tank  and  Fuel  ! 
for  Item  6 

lot 

9 1C 

1 

910 

12  060 

1.  Stairs 

each 

670 

2 

1,340 

Architectural 

2.  Roller  Unit 

for  Blast  Door! 

1 

each 

3240* 

1 

3,240 

3.  Blast  Door 

Latch  j 

each 

615 

1 

615 

4.  Interior  Doors! 

each 

120 

7 

840 

6  ,035 

For  5  and  25  psi  only,  cost  is  $3600  for  50  psi. 
For  5  and  25  psi  only,  cost  is  $675  for  50  psi. 
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APPENDIX  B 


BREAKDOWN  OF  SHELTER  COSTS 

This  appendix  provides  a  detailed  cost  breakdown  of  shelter 
structure  and  habitability  items  which  comprise  the  various  op¬ 
tions  described  in  Appendix  A.  All  costs  given  refer  to  suburban 
areas  of  Chicago,  Illinois  for  the  spring  of  1969. 

B.l  SINGLE -PURPOSE  SHELTERS 

Single-purpose  shelters  considered  in  this  study  include 
arch  and  rectangular  structures  designed  for  construction  on  sites 
located  close  to  highways  and/or  railways  in  uninhabited  areas  on 
the  periphery  of  large  population  centers.  Such  shelter  sites  may  re¬ 
quire  access  roads  and  parking  areas. 

Sheltering  options  considered  are  defined  in  Table  B.l. 

Option  1  is  the  most  austere  and  consists  of  a  basic  structure 
equipped  with  blast  protected  intake  and  exhaust  ventilators  and 
entranceways .  No  parking  spaces  or  habitability  items  of  any  kind 
are  provided.  It  is  assumed  that  shelterees  would  be  brought  to 
the  site  using  some  mode  of  mass  public  transport.  Shelter  site 
data  are  given  in  Table  B.2. 

Cost  option  2  is  obtained  from  option  1  by  adding  certain  OCD 
approved  habitability  items  (Ref.  55)  which  include  ventilation  kits, 
water  containers  and  basic  electrical  equipment.  Costs  of  these 
items  are  given  in  Table  B.3.  Cost  option  3  is  obtained  from  op¬ 
tion  1  by  adding  habitability  items  of  commercial  variety  in  accord¬ 
ance  with  requirements  °uggested  in  Ref.  15.  This  includes  ven¬ 
tilation,  plumbing  and  electrical  systems  and  presupposes  availa¬ 
bility  of  normal  power  supply.  Partitions  in  this  option  are  for 
the  purpose  of  separating  the  toilet  from  living  areas.  Items  com¬ 
prising  this  cost  option  are  given  in  Tables  B.4  through  B.6. 

Table  B.4  contains  mechanical  equipment  which  includes  ventilation 
and  plumbing  items.  Supplementary  items  such  as  a  heater  and  a 
manual  exhaust  system  are  given. 
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TABLE  B. 2 
SHELTER  SITE  DATA 


...  „ , 


TABLE  B.4 

COST  OF  MECHANICAL  EQUIPMENT  FOR  500-MAN  SHELTER  USING  COST  OPTIONS  3  AND  6 


Description 

Unit 

Unit  Cost  ($) 

Quantity 

Total  Cost  ($) 

(1)  Ventilation 

5  hp  forced  air  supply 

J  van  with  filter  section 

each 

1,650 

1 

1,650 

!  Supply  air  duct  work 

lot 

1,210 

1 

1,210 

Diffusers  and  registers 

lot 

440 

1 

440 

Air  filters 

lot 

83 

1 

83 

Fresh  air  intake 
with  exhaust  hatch 

lot 

2,200 

1 

2,200 

5  hp  forced  exhaust  fan 

each 

715 

1 

715 

Forced  exhaust  fan 
duct  work 

each 

550 

i 

55C 

Total  (1) 

6,848 

(2)  Blast  Protection  for  One 

Intake  and  One  Exhaust 

704 

(3)  Plumbing 

l 

Chemical  toilets 

each 

176 

10 

1,760 

;  Cast  iron  vent  with 

6  in.  diam  vent  cap 

) 

each 

660 

1 

660 

Drain  tile,  4  in.  diam, 

260  ft 

lot 

990 

1 

990 

Water  storage  tank,  1750  gal., 
with  0.5  in.  gate  valve,  and 

50  ft  of  0.5  in.  pipe  and 
fittings 

lot 

1,650 

1 

1,650 

Double  drain  steel  sink 

each 

330 

1 

330 

Drinking  fountain,  wall 
hung  cast  iron,  enameled 

each 

165 

1 

165 

Septic  tank,  concrete 

each 

1,100 

1 

1,100 

Total  (3) 

6,655 

Total  (1),  (2)  and  (3) 

- - - - 

14,207 

Optional  Mechanical  Equipment 

Not  Included  in  Shelter  Cost 
Estimates 

> 

(4)  Supplementary  Heater 

12  stage  130  kw  electric 
duct  heater 

each 

990 

1 

990 

Thermostat,  airflow  switch 
and  recycle  control 

each 

495 

1 

495 

Total  (4) 

1,485 

(5)  Manual  Exhaust  Fan 

Manual  exhaust  fan  assembly 

each 

660 

1 

660 

Exhaust  fan  ducts 

lot 

1,100 

1 

1,100 

Total  (5) 

1,760 
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TABLE  B.5 

COST  OF  ELECTRICAL  ITEMS  FOR  500-MAN  SHELTER  USING  COST  OPTIONS  3  AND  6 


— 

Unit  Cost 

Total  Cost 

Description 

Unit 

($) 

Quantity 

($) 

(I)  Lighting 

Sleeping  area,  6-100  w 
incandescent  fixtures 

each 

22 

6 

132 

Wiring,  200  ft,  two  No.  12 

0.5  in.  conduit  and  switches 

lot 

198 

1 

198 

j  Administrative  area,  2-40  w 

I  Increscent  fixtures 

each 

33 

2 

,6  ' 

1 

Wiring,  50  ft,  two  No.  12 

0.5  in.  conduit  and  switches 

lot 

72 

1 

72  | 

Living  area,  6-100  w  in¬ 
candescent  fixtures 

each 

22 

6 

132  | 

Wiring,  180  ft,  two  No.  12 
i  0.5  in.  conduit  and  switches 

Jot 

143 

1 

143 

1 

Storage  and  toilet  area 

4-100  w  incandescent  fixtures 

each 

22 

4 

i 

88 

Wiring,  200  ft,  two  No.  12 

0.5  in.  conduit  and  switches 

lot 

198 

l 

198 

Total  (l) 

1029 

(2)  Outlets 

!  Food  warming  outlets 

each 

11 

3 

33 

Wiring,  300  ft,  No.  12 

lot 

165 

1 

165 

Conventional  outlets  and 
wiring 

lot 

176 

1 

176 

Total  (2) 

374 

(3)  Wiring  for  Mechanical 

Equipment 

f 

Power  wiring  for  2-5  hp 
motors,  and  disconnect 
switches 

lot 

440 

1 

460  1 

Total  (3) 

440  | 

• 

(4)  Service 

Wiring,  25  ft,  two  sets  of 
4-300  MCM  in  2-3  in.  conduit 
and  service  heads 

lot 

b60 

l 

660 

i  Power  service  switchboard 

lot 

1650 

1 

1650 

i  Ligating  panel,  18  circuit 

!  panel  and  feeder 

lot 

330 

1 

330 

Total  (4) 

2640 

Total  ( 1) , (2) , (3)  and  (4) 

4483 

(5)  Additional  Wiring  for  Heater 
(not  included  in  shelter 
cost) 

Power  wiring  for  130  kw  duct 
heater,  power  panel  (14-60 
amp  switches  and  4-60  amp 
blanks  in  panel) 

lot 

880 

1 

880 

14  disconnect  switches 

lot 

660 

l 

660 

Wiring  from  panel  to  heater, 

40  ft 

lot 

825 

1 

825 

Total  (5) 

i 

2365 

_ 
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However,  these  are  optional  and  their  costs  are  not  included  in 
the  final  estimates.  Electrical  items  are  given  in  Table  B.5 
and  include  wiring  and  associated  hardware  to  be  used  in  connec¬ 
tion  with  the  optional  heater  discussed.  The  two  architectural 
items  are  given  in  Table  B.6.  Partitions,  stairs  and  associated 
hardware  are  included. 

Cost  options  4,  5  and  6  are  identical  to  options  1,  2  and  3 
respectively,  with  the  exception  that  in  the  former  parking  areas 
at  the  rate  of  0.4  cars  per  shelter  occupant  are  provided.  Cor¬ 
responding  site  data  are  given  in  Table  B.2. 

Entranceways  are  typical  and  common  to  all  low  level  weapon 
effects  designs.  Entranceway  costs  for  a  single  shelter  (500  man 
capacity)  are  given  in  Table  A.  7.  The  manner  in  which  tnese  en¬ 
tranceways  are  used  in  connection  with  1000  man  shelters  is  il¬ 
lustrated  in  Fig.  A.l.  Entranceways  for  the  100  and  150  psi 
shelters  are  an  integral  part  of  the  shelter  structure  and  there¬ 
fore  do  not  constitute  a  separate  cost  option. 

Total  as  well  as  individual  costs  comprising  the  six  options 
described  are  given  in  Table  B.8  for  the  low  level  weapon  effects 
designs  and  in  Table  B.9  for  the  100-  and  150-psi  designs. 

B.2  DUAL-PURPOSE  SHELTERS 

Detailed  cost  breakdowns  for  school  basement  (Ref.  15)  and 
parking  garage  (Ref.  16)  shelters  described  in  Appendix  A  are 
given.  Sheltering  (cost)  options  considered  with  this  set  of  struc¬ 
tures  are  defined  in  Table  B.10.  Option  3  is  the  least  austere;  in 
addition  to  a  finished  structure  equipped  with  blast  doors,  it  is 
fully  equipped  with  mechanical  and  electrical  systems  commensurate 
with  conventional  as  well  as  emergency  use.  Option  1  considers  no 
additional  equipment  over  that  required  by  conventional  use  and  is 
therefore  the  most  austere  of  this  set  of  options.  Option  2 
is  identical  to  option  1  except  that  it  includes  emergency-use 
items  recommended  by  OCD  and  identified  in  Table  B.3.  Contract 
cost  categories  considered  include:  Structural  and  Earthwork, 
Architectural,  Mechanical  and  Electrical. 
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TABLE  B .  7 

ENTRANCEWAY  COSTS  FOR  500 -MAN  CAPACITY  ARCH  AND  RECTANGULAR  SHELTERS 


Note:  Location  of  an  entranceway  relative  to  a  shelter  is  illustrated 

in  Figs.  A. 1  and  A. 3. 


TOTAL 


Shelter  Type 

Description 

Cost  Option  1 

Cost  Option  2 

Cost 

(Capacity  500  Perions) 

FRE 

10  pel 

20  psi 

30  psi 

FRE 

10  psi 

20  pal 

30  psi 

FRE 

10  psi 

Site  Preparation 

Shelter: 

176 

176 

176 

176 

176 

176 

176 

176 

176 

176 

Earthwork  end  Structural 

34,346 

35,130 

38,225 

39,027 

34,346 

35,130 

38,225 

39,027 

34,346 

35,130 

Mechanical 

704 

704 

704 

704 

1,624 

1,624 

1,624 

1 .624 

14,207 

14,207 

RC 

Electrical 

250 

250 

250 

250 

4,483 

4,483 

Arch 

Architectural 

2,000 

7,000 

2,000 

2,000 

2,000 

2,000 

2,000 

2,000 

2,300 

2,300 

Entranceway 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

Service  Road 

335 

335 

335 

335 

335 

335 

335 

335 

335 

335 

Coer  Sum 

41,736 

42,612 

45,707 

46,946 

42,906 

43  ,782 

46,877 

48,116 

60,022 

60,898 

Contractor's  Profit  and 
Overhead  Contlngenclea  (20%) 

8,347 

8,522 

9,141 

9,389 

8,581 

8,756 

9,375 

9,623 

12,004 

12,180 

Total  Coat 

50,083 

51,134 

54,848 

56,335 

51,487 

52,538 

56,252 

57,739 

72,026 

73,078 

Total  Cost  par  aq  ft 

10.85 

11.08 

11.88 

12.20 

11.15 

11.38 

12.18 

12.51 

15.60 

15.83 

Site  Preparation 

Shelter: 

176 

176 

176 

176 

176 

176 

176 

176 

176 

176 

Earthwork  and  Structural 

31,699 

38,121 

44,732 

66,490 

31,699 

38,121 

44,732 

66  ,490 

31 ,699 

38,121 

Mechanical 

704 

704 

704 

704 

1,624 

1,624 

1,624 

1,624 

14,20-7 

14,207 

Steel 

Electrical 

250 

250 

250 

250 

4,483 

">SH3 

Arch 

Architectural 

2,000 

2,000 

2,000 

2,000 

2,000 

2  ,000 

2,000 

2,000 

2  ,000 

2,oo<r 

Entranceway 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

Service  Road 

335 

335 

335 

335 

335 

335 

335 

335 

J1S 

335 

Coat  Sum 

39  ,089 

45,603 

52,214 

74 ,409 

40,259 

46,773 

53,384 

75  ,579 

57,375 

63,889 

Contractor's  Profit  and 
Overhead  Contlngenclea  (20%) 

7,818 

9,121 

10,443 

14,882 

8,052 

9,355 

10,677 

15,116 

11,475 

12,778 

Total  Coat 

46,907 

54,724 

62,657 

89,291 

48,311 

56,128 

64 ,061 

90,695 

68,850 

76,667 

Total  Cost  par  sq  ft 

10.16 

11.85 

13.57 

19.34 

10.46 

12.16 

13.88 

19.64 

14.91 

16.61 

Site  Preparation 

Shelter: 

198 

198 

198 

198 

198 

198 

198 

198 

198 

198 

Earthwork  and  Structural 

43,609 

51,557 

60,890 

77,806 

43,069 

51,557 

60,890 

77,806 

43,069 

51,557 

Mechanical 

704 

704 

704 

704 

1,624 

1,624 

1,624 

1,624 

14,207 

14,207 

RC 

Electrical 

250 

250 

250 

250 

4,483 

4,483 

Rectangular 

Architectural 

300 

300 

Entranceway 

2,312 

2,404 

2,404 

2,611 

2,312 

2,404 

2,404 

2,611 

2,312 

2,404 

Service  Road 

335 

335 

335 

335 

335 

335 

335 

335 

335 

335 

Cost  Sum 

46,618 

55,198 

64,531 

81,654 

47,788 

56,368 

65,701 

82  824 

64,904 

73,484 

Contractor's  Profit  and 
Overhead  Contlngenclea  (20%) 

9,324 

11,040 

12,906 

16,331 

9,558 

11,274 

13,140 

16,565 

12,981 

14,697 

Total  Cost 

55,942 

66,238 

77,437 

97,985 

57,346 

67,642 

78,841 

99,389 

77  ,885 

88,181 

Total  Cost  par  sq  ft 

10.93 

12.94 

15.12 

19.14 

11.20 

13.21 

15.40 

19.41 

15.21 

17.22 
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TABLE  B.8 

TOTAL  COSTS  FOR  S INCLE-PURPOSE  SHELTERS 


Design  Weapon  Environment 


Cost 

Option  3 

Cost  Option  U 

Cost  Option  5 

Cost  Option  6 

FRE 

10  psl 

20  psl 

30  psl 

FRE 

10  psl 

20  psl 

30  psl 

FRE 

10  psi 

20  psi 

30  psl 

FRE 

10  psl 

20  psl 

30  psl 

176 

176 

176 

176 

715 

715 

715 

715 

715 

715 

715 

715 

715 

715 

715 

715 

34,346 

35,130 

38,225 

39,027 

34,346 

35,130 

38,335 

39,027 

34,346 

35,130 

38  ,225 

29,027 

34,346 

25,130 

38,225 

39,027 

14,207 

14,207 

14,207 

14,207 

704 

704 

704 

704 

1 ,624 

1,624 

1,624 

1 ,624 

14,207 

14,207 

14,207 

14,207 

4,483 

4,483 

4,483 

250 

250 

250 

250 

4,483 

4,483 

4,483 

4,483 

2.300 

2,300 

2,300 

2,300 

2,000 

2,000 

2,000 

2,000 

2,000 

2,000 

2,000 

2,000 

2,300 

2,300 

2,300 

2,300 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

4,267 

4,704 

335 

335 

335 

335 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

60,022 

60,898 

63,993 

65,232 

68,612 

69  ,488 

72,583 

73,822 

69,782 

70.65B 

73,753 

74,992 

86,898 

87  ,774 

90,869 

92,108 

12,004 

12,180 

12,799 

13,046 

13,722 

13,898 

14,517 

14,764 

13,956 

14,132 

14,751 

14,998 

17,380 

17,555 

18,174 

18,422 

72,026 

73,078 

76,792 

78,278 

82,334 

83,386 

87,100 

88,586 

83  ,738 

84,790 

8B.504 

89,990 

104,278 

105,329 

109,043 

110,530 

15.60 

15.83 

16.63 

16.96 

17.83 

18.06 

18.87 

19.19 

18. 14 

18.37 

19.17 

19.49 

22.59 

22.81 

23.62 

23.94 

176 

176 

176 

176 

715 

715 

715 

715 

715 

715 

715 

715 

715 

715 

715 

715 

31,699 

38,121 

44,732 

66  ,490 

31,699 

38,121 

44,732 

66,490 

31,699 

38,121 

44,732 

66  ,490 

31,699 

38,121 

44,732 

66,490 

14,207 

14,207 

14,207 

14,207 

704 

704 

704 

704 

1,624 

1,624 

1,624 

1,624 

14,207 

14,207 

14,207 

14,207 

4,483 

4,483 

4,483 

4,483 

250 

250 

250 

250 

4,483 

4,483 

4,483 

4,483 

2,000 

2,000 

2,300 

2,300 

2,000 

2,000 

2,000 

2  ,000 

2,000 

2,000 

2,000 

2,000 

2,300 

2,300 

2,300 

2,300 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

4,267 

4,704 

4,175 

4,267 

4,267 

4,704 

335 

335 

335 

335 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

26,672 

63,889 

70,500 

92,695 

65.965 

72  ,479 

79,090 

101,285 

67,135 

73,649 

80,260 

102  ,455 

84,251 

90,765 

97,376 

119,571 

11,475 

14,100 

18,539 

13,193 

14  ,496 

15,818 

20,257 

13,427 

14,730 

16,052 

20,491 

16,850 

18.153 

19,475 

23,914 

68,850 

76,60% 

84,600 

111,234 

79,158 

86,975 

94,908 

121,542 

80,562 

88,379 

96,312 

122,946 

101,101 

108,918 

116,851 

143,485 

14.91 

16.61 

24.09 

17.15 

18.84 

20.56 

26.33 

17.45 

19.14 

20.86 

26.63 

21.90 

23.59 

25.31 

31.08 

198 

198 

198 

S«wl98 

781 

781 

781 

781 

781 

7B1 

781 

781 

781 

781 

781 

781 

43,069 

51,557 

60,890 

77,806  * 

Nl.‘09 

51,557 

69,890 

77,806 

43,069 

51,557 

60,890 

77.806 

43,069 

51,157 

60,890 

77,806 

14,207 

14,207 

14,207 

14,207 

704 

704 

704 

1,624 

1,624 

1,624 

1,624 

14,207 

14,::07 

14,207 

14,207 

4,483 

4,483 

4,483 

4,483 

V 

250 

250 

250 

250 

4,483 

4,. 83 

4,483 

4,483 

300 

300 

300 

300 

n. 

300 

100 

300 

300 

2,312 

2,404 

2,404 

2,611 

2,312 

2,404s' 

<2,404 

2,611 

2,312 

2,404 

2,404 

2,611 

2,312 

2,434 

2,404 

2,611 

335 

335 

335 

335 

31,806 

31,806 

rsjoe 

31,806 

31,806 

31,806 

31,806 

31 ,806 

31,806 

31,806 

31,806 

31,806 

64 ,904 

73,484 

82,817 

99,940 

78,672 

87,252 

96.5&V 

113,708 

79,842 

88,422 

97,755 

114,878 

96,958 

105,538 

114,871 

131,994 

12,981 

14,697 

16,653 

19,988 

15,734 

17,450 

19,317 

2^^ 

15,968 

17,684 

19,551 

22,976 

19,392 

21,108 

22 ,974 

26,399 

77,885 

88,181 

99,380 

119,928 

94,406 

104,702 

115,902 

136.45CN 

95,810 

106,106 

117,306 

137,854 

116,350 

126,646 

137,845 

158,393 

15.21 

17.22 

19.41 

23.42 

18.44 

20.45 

22.64 

26.65 

Vn 

20.72 

22.91 

26.92 

22.72 

24.73 

26.92 

30.93 

.  WRKiSBhms.  ‘VtttCW- 


'r***n» 


Shelter  Type 

Description 

Cost  Option  1 

Cost  Option  2 

(Cepeclty  1000  Persons) 

FRE 

10  psl 

20  psl 

30  psl 

FRE 

10  pal 

20  psl 

30  psl 

FRE 

Sice  Proper* tion 

Shelter: 

275 

275 

275 

275 

275 

275 

275 

275 

27: 

Earthwork  and  Structural 

64,993 

66,671 

70,659 

74,215 

64,903 

66,671 

70,659 

74,215 

64,90: 

Hechenlcel 

1,408 

1,408 

1,408 

1,408 

3,248 

3,248 

3,248 

3,248 

28, 41: 

Electrical 

500 

500 

500 

500 

8,96: 

RC 

Architectural 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4  ,60( 

Arch 

Entranceway 

8,349 

8,533 

8,533 

9,407 

8,349 

8,533 

8,533 

9,407 

8,345 

Service  Road 

335 

335 

335 

335 

335 

335 

335 

335 

33! 

Coat  Sun 

79,270 

81,222 

85,210 

89,640 

81,610 

83,562 

87,550 

91,980 

115.84C 

Contractor's  Profit  and 
Overhead  Contingencies  (201) 

15,854 

16,244 

17,042 

17,928 

16,322 

16,712 

17,510 

18,396 

23,161 

Total  Cost 

95,124 

97,466 

102,252 

107,568 

97,932 

100,2  74 

105,060 

110,376 

139 ,00( 

Total  Coat  per  aq  ft 

10.30 

10.56 

11.07 

11.65 

10.61 

10.86 

11.38 

11.95 

15.05 

Sit*  Preparetion 

Shelter: 

275 

275 

275 

275 

275 

275 

275 

275 

275 

Earthwork  and  Structural 

58,842 

74,608 

87,881 

131,226 

58,842 

74,608 

87,881 

131,226 

58,84! 

Mechanical 

1,408 

1,408 

1,408 

1,408 

3,248 

3,248 

3,248 

3,248 

28, 412 

Electrical 

500 

500 

500 

500 

8,96: 

Steel 

Architectural 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4 ,60( 

Arch 

Entranceway 

8,349 

8,533 

8,533 

9,407 

8,349 

8,533 

8 ,533 

9,407 

8,345 

Service  Rood 

335 

335 

335 

335 

335 

335 

335 

335 

33! 

Coat  Sun 

73,209 

89,159 

102  ,432 

146,651 

75,549 

91,499 

104,772 

148,991 

109,775 

Contractor's  Profit  and 
Overhead  Contingencies  (20%) 

14,642 

17,832 

20,486 

29,330 

15,110 

18,299 

20,954 

29,798 

21,951 

Total  Cost 

87,851 

106,991 

122,918 

175,981 

90.659 

109,798 

125,726 

178,789 

131,73! 

Total  Coac  per  sq  ft 

9.51 

11.59 

13.31 

19.06 

9.82 

11.89 

13.62 

19.36 

14.27 

Site  Preparetion 

Shelter: 

262 

262 

262 

262 

262 

262 

262 

262 

26: 

Earthwork  and  Structural 

76,624 

93,337 

110,736 

141,273 

76,624 

93,337 

110,736 

141,273 

76,621 

Mechanical 

1,408 

1,408 

1,408 

1,408 

3,248 

3,248 

3,248 

3,248 

28,41 

RC 

Electrical 

500 

500 

500 

500 

8,96! 

Rectengular 

Architectural 

60( 

Entranceway 

4,635 

4,819 

4,819 

5,221 

4,635 

4,819 

4,819 

5,221 

4,63! 

Service  Road 

335 

335 

335 

335 

335 

335 

335 

335 

33! 

Cost  Sun 

33,264 

100,161 

117,560 

148,499 

85 ,604 

102,501 

119,900 

150,839 

119,834 

Contractor's  Profit  and 
Overhead  Contingencies  (20%) 

16,653 

20,032 

23,512 

29,700 

17,121 

20,500 

23,980 

30,168 

23,96) 

Total  Cost 

99,917 

120,193 

141,072 

178,199 

102,725 

123,001 

143,880 

181,007 

143,801 

Total  Cost  per  sq  ft 

9.76 

11.74 

13,77 

17.40 

10.03 

12.01 

14.05 

17.68 

14.04 

TABLE  B.8  (Contd) 


Design  Weapon  Environment 


Cose  Option  3 

Cost  Option  4 

Cost  Option  5 

Cost  Option  6 

10  psl 

20  psi 

30  psl 

FRE 

10  psi 

20  psi 

30  psi 

FRE 

10  psl 

20  psl 

30  psl 

FRE 

10  psl 

20  psl 

30  psl 

275 

275 

275 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

66,671 

70,659 

74,215 

64,903 

66,671 

70,659 

74,215 

64,903 

66,671 

70,659 

74,215 

64,903 

66,671 

70,659 

74,215 

28,413 

28,413 

28,413 

1,408 

1,408 

1,408 

1,408 

3,248 

3,248 

3 ,248 

3,248 

28,413 

28,413 

28,413 

28,413 

8,965 

8,965 

8,965 

500 

500 

500 

500 

8,965 

8,965 

8,965 

8,965 

4,600 

4,600 

4,600 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4,600 

4,600 

4,600 

8,533 

8,533 

9,407 

8,349 

8,533 

8,533 

42.7’ j  1 

8,349 

8,533 

8,533 

9,407 

8,349 

8,533 

8,533 

9,407 

335 

335 

335 

55  ,000 

55,000 

55,000 

55 ,000 

55  ,000 

55 ,000 

55,000 

55,000 

117,792 

121,780 

126,210 

134,991 

136,943 

140,931 

145,361 

137,331 

139,283 

143,271 

147,701 

171,561 

173,513 

177,501 

181,931 

23,558 

24,356 

25,242 

26,998 

27,389 

28,186 

29,072 

27,466 

27,857 

28,654 

29,540 

34,312 

34,703 

35 .500 

36,386 

141,350 

146,136 

151,452 

161,989 

164,332 

169,117 

174 ,433 

164,797 

167,140 

171,925 

177,241 

205,873 

208,216 

213,001 

218,317 

15.31 

15.83 

16.40 

17.5' 

17.80 

18.32 

18.89 

17.85 

18.10 

18.62 

19.20 

22.30 

22.55 

23.07 

23.64 

275 

275 

275 

1  ,j31 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

1,331 

74,608 

87,881 

131,226 

58,842 

74,608 

87,881 

131,226 

58,842 

74 ,608 

87,881 

131 .226 

58,842 

74,608 

87,881 

131,226 

28,413 

28,413 

28,413 

1,408 

1,408 

1,408 

1,408 

3,248 

3,248 

3.248 

3,248 

28,413 

2B  ,413 

28,413 

28,413 

8,965 

8,965 

8,965 

500 

500 

500 

500 

8,965 

8,965 

8,965 

8,965 

4.600 

4,600 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4,000 

4,600 

4,600 

4,600 

4,600 

8,533 

8,533 

9,407 

8,349 

8,533 

8,533 

9,407 

8,349 

8,533 

8,533 

9,407 

8,349 

8,533 

8,533 

9,407 

335 

335 

335 

55 ,000 

55,000 

55 .000 

55,000 

55,000 

55 ,000 

55 ,000 

55,000 

55,000 

55 ,000 

55,000 

55,000 

125,729 

139,002 

183,221 

128,930 

144,880 

158,153 

202,372 

131,270 

147,220 

160,493 

204,712 

165 .500 

181,450 

194,723 

238,942 

25,146 

27,800 

36,644 

25,786 

28,976 

31,631 

40  ,474 

26,254 

29,444 

32,099 

40,942 

33,100 

36,290 

38,945 

47,788 

150,875 

166,802 

219,865 

154,716 

173,856 

189,784 

242,846 

157  ,524 

176,664 

192,592 

245,654 

198 ,600 

217,740 

233,668 

286,730 

16.34 

18.06 

23.81 

16.76 

18.83 

20.55 

26.30 

17.06 

19.13 

20.86 

26.60 

21.51 

23.58 

25.31 

31.05 

262 

262 

262 

1,199 

1,199 

1,199 

1,199 

1,199 

1,199 

1,199 

1,199 

1,199 

1,199 

1,199 

1,199 

93,337 

110,736 

141,273 

76,624 

93,337 

110,736 

141,273 

76  ,624 

93,337 

110,736 

141,273 

76,624 

93,337 

110,736 

141,273 

28,413 

28,413 

28,413 

1,408 

1,408 

1,408 

1,408 

3,248 

3,248 

3,248 

3,248 

28,413 

28,413 

28,413 

28,413 

8,965 

8,965 

8,965 

500 

500 

500 

500 

6,965 

8,965 

8,965 

8,965 

600 

600 

600 

600 

600 

600 

4,819 

4,819 

5,221 

4,635 

4,819 

4,819 

5,221 

4,635 

4,819 

4,819 

5,221 

4,635 

4,819 

4,819 

5,221 

335 

335 

335 

49,848 

49,848 

49,848 

49,848 

49,848 

49,848 

49,848 

49,848 

49,848 

49,848 

49,848 

49,848 

136,731 

154,130 

185,069 

133,714 

150,611 

168,010 

198,949 

136 ,054 

152,951 

170,350 

201,289 

170,284 

187,181 

204,580 

235,519 

27,346 

30,286 

37,014 

26,743 

30,122 

33,602 

39,790 

27,211 

30  ,590 

34,070 

40,258 

34,057 

37,436 

40,916 

47,104 

164,0  7  7 

184,956 

222,083 

160,457 

180,733 

201,612 

238,739 

163,265 

183,541 

204,420 

241,547 

204,341 

224,617 

245,496 

282,623 

16.02 

18.06 

21.69 

15.67 

17.65 

19.69 

23.31 

13.94 

17.92 

19.96 

23.59 

19.95 

21.93 

23.97 

27.60 
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TABLE  B. 9 

TOTAL  COSTS  FOR  SINGLE  PURPOSE  SHELTERS 
SHELTER  TYPE:  RC  ARCH  CAPACITY:  500  PERSONS 


Description 

Option  1 

Option  2 

Option  3 

100  psi 

150  psi 

100  psi 

150  psi 

100  psi 

150  psi 

Site  Preparation 

211 

211 

211 

211 

211 

211 

Shelter : 

(a)  Earth  &  Struc. 

61796 

79577 

61796 

79577 

61796 

79577 

(b)  Mech 

845 

845 

1624 

1624 

17048 

17048 

(c)  Elec 

- 

- 

250 

250 

5380 

5380 

(d)  Arch 

2400 

2400 

2400 

24C0 

2760 

2760 

Service  Road 

402 

402 

402 

402 

402 

402 

Cost  Sum 

65654 

83435 

66683 

84464 

87597 

105378 

20%  Contractor's 

13131 

16687 

13337 

16893 

17519 

21076 

Total  Cost 

78785 

100122 

80020 

101357 

105116 

126454 

Total  Cost/ft2 

17.06 

21.69 

17.33 

21.95 

22.78 

27.39 

Option  4 

Option  5 

Option  6 

Description 

100  psi 

150  psi 

100  psi 

150  psi 

100  psi 

150  psi 

Site  Preparation 

858 

858 

858 

858 

858 

858 

Shelter : 

(a)  Earch  &  Struc. 

61796 

79577 

61796 

79577 

61796 

79577 

(b)  Mech 

845 

845 

1624 

1624 

17048 

17048 

(c)  Elec 

- 

- 

250 

250 

5380 

5380 

(d)  Arch 

2400 

2400 

2400 

2400 

2760 

2760 

Service  Road 

32006 

32006 

32006 

32006 

32006 

32006 

Cost  Sum 

97905 

115686 

98934 

116715 

119348 

137629 

20%  Contractor's 

19581 

23137 

19787 

23343 

23970 

27526 

Total  Cost 

117486 

138823 

118721 

140058 

143818 

165155 

Total  Cost/ft2 

25.45 

30.07 

25.71 

30.34 

31.15 

35.77 

I 

[ 

| 
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TABLE  B.10 


Ml 


DEFINITION  OF  SHELTERING  COST  OPTIONS 
FOR  DUAL-PURPOSE  SHELTERS 


Cost  Item 

Cost  Option 

(1)  Shelter  structure,  blast  doors, 

1,2,3 

stairs  and  associated  hardware 

(2)  Mechanical  and  electrical 

1,2,3 

equipment  of  commercial  variety 

commensurate  with  conventional 

use  only 

(3)  Special  mechanical  and  elec- 

3 

trical  equipment  of  commercial 

variety  commensurate  with 

emergency  use 

(4)  Civil  Defense  equipment:  package 

2 

ventilation  kits,  water  con- 

tainers ,  electrical  equipment 

_ 

Labor,  materials  and  equipment  costs  are  given  in  Tables  B.ll 
through  B.13  for  school  basement  shelters  and  in  Tables  B.14 
through  B.  16  for  parking  garage  shelters.  Total  costs  for  each 
of  the  three  options  are  summarized  in  Tables  A. 14  through  A. 18. 

Detailed  costs  of  conventional  school  basements  (Ref.  53) 
are  given  in  Tables  Bl7  and  B.  18  and  for  conventional  parking 
garages  (Ref.  54)  are  given  in  Tables  B.  19  and  B.  20.  Cost  of 
these  conventional  structures  were  used  for  determining  incremen¬ 
tal  sheltering  costs  which  are  also  included  in  Tables  A.  17 
and  A . 18 . 
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TABLE  B.ll 


STRUCTURAL  CONSTRUCTION  COST  AND  QUANTITY  BREAKDOWN  FOR  SCHOOL  SHELTERS 


Design 
Overpriaso re 
p$t 

Description 

Units 

Price  ($) 

1100  Population 

550  Population 

Quantity 

Cost  (S) 

Quantity 

Coat  <$) 

Excavation.  Backfill  ai-.d  Grading 

eu  yd 

1.50 

4,750 

7,125 

...550 

3,825 

Concrete,  Net  Including  Forms 
or  Reinforcing 

cu  yd 

30.00 

935 

29,050 

546 

16,330 

Reinforcement 

cons 

320.00 

44.8 

14,336 

25.3 

3,096 

Wire  Mesh 

»q 

11.00 

130 

1,430 

69 

759 

F  ones 

5 

Roof  Slab,  Seams  and  Columns 

sq  ft 

1.50 

14,740 

22,110 

7,750 

11,625 

Walls  and  Footings 

sq  ft 

0.85 

13,480 

11,458 

9,550 

3,118 

Damp  Proofing  (polyethylene) 

Blast  Doors 

sq  ft 

0.05 

18,750 

937.5 

10,550 

527.5 

3'  x  6 '  -8" 

each 

172.50 

-- 

-- 

4 

690 

5’  x  6 ' -8" 

each 

230.00 

4 

920 

-- 

-- 

Blast  Gates 

each 

115.00 

6 

690 

5 

575 

Total  Cost 

87,057 

50,596 

Excavation,  Backfill  and  Grading 

cu  yd 

1.50 

4,750 

7,125 

2,550 

3,825 

Concrete 

cu  yd 

30.00 

1,338 

40,140 

752 

22,560 

Tilt-Up  Concrete  Partitions 

sq  ft 

2.00 

6,400 

12 ,800 

3,680 

7.360 

Reinforcement 

COT* 

320.00 

48.8 

15,61b 

27.4 

8,768 

! 

Wire  Hash 

»q 

11.00 

130 

1,430 

69 

759 

i 

25 

Forma 

Roof  Slab  and  Co  turns 

sq  ft 

1.50 

12 ,080 

18,120 

6,330 

9.495 

Walls  and  Footings 

sq  ft 

0.85 

14 ,020 

11,917 

9,990 

8,492 

Damp  Proofing  (polyethelene) 

Blast  Doors 

sq  ft 

0.05 

18,750 

938 

10,550 

528 

3'  x  6 ' -8" 

each 

2025.00 

-- 

-- 

4 

8,100 

5'  x  6'-8" 

each 

3375.00 

4 

13,500 

-- 

-- 

Blaat  Gates 

each 

203.00 

6 

1,218 

5 

1 ,015 

Total  Cost 

122,804 

70,902 

Excavation,  Backfill  and  Grading 

cu  yd 

1.50 

4,980 

7,470 

2,690 

4,035 

Concrete 

cu  yd 

30.00 

2,135 

64 ,050 

1,204 

36,120 

Tllt-Up  Concrete  Partitions 

so  ft 

2.00 

6,400 

12  ..800 

3,680 

7,360 

Reinforcement 

tons 

320.00 

90. 1 

28,832 

51.8 

16,576 

Wire  Meth 

»q 

11.00 

130 

1,430 

69 

759 

Fora* 

50 

Roof  Sle  i  and  Column 

sq  ft 

1.50 

12,080 

18,120 

6,330 

9,495 

Walls  ana  Footings 

sq  ft 

0.85 

14  ,b40 

12,444 

10,290 

8,747 

Damp  Proofing  (polyethelene) 

Blast  Doors 

sq  ft 

0.05 

13,850 

938 

10,550 

528 

3'  x  u 1  -8" 

each 

2700.00 

— 

-- 

4 

10,800 

5'  x6'-8" 

each 

4725.00 

4 

18,900 

-- 

-- 

Blast  Gates 

each 

270.00 

6 

1,629 

5 

1,350 

Total  Cost 

166,604 

95,770 
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TABLE  B. 14 


.D  STRUCTURAL  CONSTRUCTION  COST  AND  QUANTITY  BREAKDOWN  FOR  PARKING  GARAGE  SHELTERS 


Dec.'  r.-. 

Overpressure 

Levei. 

osi 

Description 

! 

|  Units 

Price  ($) 

Structure  I 

1  Stru 

:ture  11 

Quantity 

Cost  (?) 

ma 

Cost  ($) 

Excavation  and  Hauling 

1  cu  yd 

1.50 

21,400 

32,100 

28,800 

Backf i  1 1 

!  cu  yd 

0.75 

530 

398 

7,700 

5 ,773 

Concrete 

cu  yd 

30.00 

4,052 

121,560 

4,444 

173,320 

Reinforcement 

tuns 

320.00 

154.8 

49,536 

!  288. 

‘.2,256 

Wire  Mesn 

sq 

11.00 

558 

6,116 

556 

6  ,  !  t6 

Forms 

) 

Roof  Slab  and  Columns 

sq  ft 

1.50 

55,500 

33,250 

,  56,020 

-4  ,030 

Walls  and  Fc  ifings 

sq  f  L 

0.85 

28,720 

24,412 

34,930 

29,691 

Damp  Proofing  (Pclyethvlene) 

sq  ft 

0.05 

68,700 

3,435 

1  125,900 

6 ,295 

Personnel  Blase  Doors  3'  x6'-8" 

each 

|  172.50 

12 

2  ,070 

12 

2  ,0  70 

Main  Entrance  Blast  Doors 

each 

'  2430.00 

2 

4  ,  S60 

2 

4,360 

Blast  Gates 

each 

135.00 

5 

675 

5 

475 

Total  Cost 

L 

-  -  -  - 

j  328,412  | 

408.288  i 

Excavation  and  Hauling 

cu  yd 

1.50 

25,600 

38  ,400 

32,360 

48,540 

Backf i  11 

cu  yd 

0.  75 

760 

570 

8,200 

6,160 

Concrete 

cu  vd 

30.00 

6,585 

197  ,550 

6,961 

208 , 330 

Tilt-Up  Concrete  Partitions 

sq  tt 

2.00 

2,500 

2,500 

5  ,.100  i 

Reinforcement 

tons 

320.00 

99,328 

332.6 

lOo  ,432 

Wire  Mesh 

sq 

11.00 

556 

6,116 

556 

t> ,  i  lo 

25 

Forms 

Roof  Slab  and  Columns 

sq  ft 

1.50 

59,360 

59,460 

89,190  j 

Walls  and  Footings 

sq  ft 

C  .85 

3U,920 

26  ,282 

38,480 

32,708  1 

Damp  Proofing  (Polyethylene) 

sq  ft 

0.05 

71,500 

3,575 

127,900 

6.195  . 

Personnel  Blast  Poors  J  x6’-8" 

each 

2025.00 

12 

12 

24',  300  , 

Main  Entrance  Blast  Doors 

each 

5400.00 

2 

10,800 

2 

Blast  Gates 

each 

203.00 

5 

1  ,015 

5 

’,015 

Total  Cost 

501  ,976 

545  ,4  76  i 

Excavation  and  Hauling 

cu  yd 

1.50 

30,420 

45  ,630 

37  ,670 

i 

56,505  1 

Backfill 

cu  yd 

0.75 

920 

8,325 

6,244  ] 

Concrete 

cu  yd 

30.00 

11,287 

338,610 

11,506 

345,130  | 

Tilt-Up  Concrete  Partitions 

sq  ft 

2.00 

2,500 

2,500 

5,000  ! 

Reinforcement 

tons 

320.00 

453.5 

145,120 

478.7 

153 ,184 

Wire  Mesh 

sq 

11.00 

556 

6,116 

556 

6,116 

50 

Forms 

Roof  Slab  and  Columns 

sq  ft 

1.50 

60,520 

90,780 

60,520 

90,780 

Walls  and  Footings 

sq  ft 

0.85 

33,000 

40,380 

■>4,323 

Damp  Proofing  (Polyethylene) 

sq  ft 

0.05 

72 ,800 

129,200 

6  ,460 

Personnel  Blast  Doors  3'x6'-8" 

each 

2700.00 

12 

12 

32,400 

Main  Entrance  Blast  Doors 

each 

7425.00 

2 

2 

14,850  | 

Blast  Gates 

each 

270.00 

5 

1,350 

5 

1,350  , 

Total  Cost 

712,236 

752 .382 
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TABLE  B.15 


IMA  TED  ARCHITECTURAL  CONSTRUCTION  COST  AND  QUANTITY  BREAKDOWN  FOR  PARKING  GARAGE  SHELTERS 


Design 

Ove-pressure 

Level 

psi 

Descr  iption 

j  Units 

Price  ($) 

Structure  1 

Structure  11 

Quantity 

Cost  ($)  1 

Cinder  Block,  6  in. 

sq  ft 

[  1.00 

2,175 

2 ,175 

-• 

] 

1 

1 

Toilet  Partitions 

|  1  in  ft 

10.00 

50 

500 

500 

1 

1 

Resilient  Tile,  Asphalt 

l  sq  ft 

0.28 

300 

84 

■  .  - 

84  | 

1 

Concrete  llardener/Sealer  Liquid 

!  sq  ft 

|  0.08 

52,500 

4  ,200 

4,200  j 

Insulation  Board  1/2  in.  Thick 

| 

1  ceiling) 

;  sq  ft 

0.40 

52 ,000 

20,800 

-- 

-- 

Painting 

sq  ft 

0.  18 

32  ,550 

1  5,208 

84,550 

13,528  ' 

Cement  Enamel  Finish 

1  sq  ft 

0.42 

725 

305 

725 

305 

s 

Doors 

! 

! 

3'  x  6' -8" 

|  each 

98.00 

665 

7 

6o5  | 

!  5  ’  x  6 ’ -8" 

each 

130.00 

1  2 

260 

2 

260 

Air  Tight  Metal  Doors  2'  x  S' 

each 

in,  oo 

230 

2 

230 

|  Meta  1  Access  Hatch  2  '  x  3 ' 

each 

•V.'.OO 

1  1 

40 

1 

40 

Aluminum  Louver 

sq  f  t 

5.00 

100 

500 

500 

Stair  Nosing 

'in  ft 

3.00 

i  512 

1  ,536 

512 

1,538 

Handrail 

l  •  n  ft 

-.00 

1,150 

1,150 

4,600 

Metal  Partition  (includes  glazing) 

lin  it 

35.00 

30 

1  ,050 

30 

1,050  ! 

1  Metal  Crating 

sq  ft 

5.00 

30 

L 

150 

30 

150  | 

Toca  1  Ce:  t 

j  ; 

_ TZ7I 

42  ,30) 

27,648 

Toilet  Partitions 

tin  ft 

10.00 

— 

50 

500 

SO 

500 

'Resilient  Tile,  Asphalt 

sq  ft 

0.28 

300 

84 

300 

84 

Concrete  Hardener /Sealer  Liquid 

sq  ft 

0.08 

52,500 

52,500 

4.200 

Insulation  Board  1/2  in.  Thick 

'celling) 

sq  ft 

0.40 

52  ,000 

20,800 

-- 

i  Painting 

sq  »:t 

0.  16 

34,600 

5  ,536 

86,600 

13,856 

Cement  Enamel  Finish 

sq  ft 

0.42 

725 

30B 

725 

305 

25  &  50 

Doors 

3’  x 6 1 -8" 

each 

95.00 

7 

665 

7 

665 

5'  x  6  '  -8” 

each 

130.00 

2 

2 

260 

Air  Tight  Metal  Doors  2'  x  5' 

each 

115.00 

1 

230 

2 

2  30 

Metal  Access  Hatch  2'  x3' 

each 

40.00 

1 

1 

-0 

1 

Aluminum  Louver 

sq  ft 

5.00 

100 

500 

100 

500 

Stair  Nosing 

lin  ft 

3.00 

550 

1  ,650 

550 

1,650  ; 

Handrail 

lin  ft 

4.00 

1 ,200 

1  ,200 

4,800  ! 

Metal  Partition  (Includes  glazing) 

lin  ft 

35.00 

30 

1  ,050 

30 

1,050  1 

Metal  Grating 

sq  ft 

5.00 

30 

150 

30 

150  | 

Total  Cost 

40,770 

28,290  j 

I 
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TABLE  B . 16 

ESTIMATED  MECHANICAL  AND  ELECTRICAL  CONSTRUCTION  COST 
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TABLE  B .  18 


MECHANICAL  AND  ELECTRICAL  ITEMS 
FOR  CONVENTIONAL  BASEMENT  SHELTERS 


Item 

1100  Population 
Cost($) 

550  Population 
Cost($) 

(I)  Heating  Ventilating, 
and  Fuel  Storage 

338 

162 

Filters 

338 

162 

Heating  Coil 

432 

304 

Supply  air  blower,  etc. 

1,822 

1,080 

Sheet  metal  ductwork 

8,900 

4,563 

I 

j  Registers  and  grilles 

891 

405 

Insulation 

2,700 

1,350  j 

Automatic  temperature 
i  control 

5,940 

i 

2,700  j 

Total  (1) 

i 

21,033 

10,564 

1(2)  Plumbing  System 

1 

Pumps  and  motors 

540 

405 

Piping 

1,215 

675 

Fixtures 

12,150 

6,885 

Emergency  storage 

2  ,700 

2,025 

Insulation 

675 

473 

Total  (2) 

17  ,280 

10,463  j 

Total  (1)  and  (2) 

38,313 

21,027  j 

(3)  Electrical  Items 

Total  cost  including 
lighting,  wiring,  out¬ 
lets,  etc. 

22  ,680 

11,948 
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TABLE  B . 19 

ESTIMATED  CONSTRUCTION  t'OS  f  AND  QUANTITY  BREAKDOWN  FOR  CONVENTIONAL  PARKING  GARAGE  SHELTER 
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Stair  Nosing  lin  ft  3.00  128  384  128  334 
Hand  Rail  lin  ft  4.00  COO  3,200  950  3,800 
Metal  Partition  (includes  glazing)  lin  ft  35.00  30  1,050  30  1,050 
Metal  Grating  sq  ft  5.00  30  150  30  150 
Steel  Roll-Up  Door  !5’  x8'  each  1080.00  2  2,160  2  2,160 


TABLE  B. 20 

MECHANICAL  AND  ELECTRICAL  ITEMS 
FOR  CONVENTIONAL  PARKING  GARAGE  SHELTERS 


Structure  I  and  II 
Cost  ($) 

(1)  Mechanical 

I 

Heating,  Ventilating  and  Fuel 
Storage 

Filters 

891 

j  Supply  air  blowers,  etc. 

4,320  ' 

Exhaust  air  blowers,  etc. 

4,590 

|  Sheet  metal  ductwork 

15 ,930 

Registers 

1,620 

Electrical  duct  heaters 

608 

Automatic  temperature  control 

473 

Total  (1) 

28,432  | 

(2)  Plumbing 

I 

j 

Pump  and  motor 

338  i 

Domestic  HW  storage  tank 

203  | 

Plumbing  fixtures 

12,150 

Emergency  storage  water  tank 

10,125 

Oil  intercaptor 

1,890 

Sprinkler  system 

30,375 

Total  (2) 

55  ,081 

Total  (1)  and  (2) 

83,513 

(3)  Electrical  System 

23,126 
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APPENDIX  C 


DESCRIPTION  AND  DOCUMENTATION  OF  COMPUTER  PROGRAMS 

Descriptions  of  computer  programs  used  for  calculating  in¬ 
cipient  failure  loads  for  various  components  of  rectangular  and 
arch  shelters  considered  in  this  study  are  presented. 

C.l  RECTANGULAR  REINFORCED  CONCRETE  SLAB  ANALYSIS  PROGRAM 

This  computer  program  is  capable  of  determining  the  incipient 
failure  load  for  one-  and  two-way  RC  slabs,  flat  plates  and  flat 
slabs  when  subjected  to  free-field  blast  overpressures  produced 
by  nuclear  weapons.  It  is  capable  of  treating  one-  and  two-way 
slabs  as  roof  elements  or  as  wall  elements  of  basement- like 
rectangular  structures.  Slab  end  conditions  may  be  simple  sup¬ 
ports,  fixed  supports  or  mixed,  i.e.,  a  given  slab  may  be  fixed 
along  one  edge  and  simply  supported  along  the  other  three.  The 
theory  behind  this  computer  program  is  discussed  in  Chapter  Two, 

This  computer  program  is  specifically  geared  for  slabs  where 
the  quantities  of  tension  and  compression  reinforcement  along  any 
one  of  the  two  span  directions  is  the  same.  However  the  total 
reinforcement  in  span  one  may  be  different  from  that  of  span  two. 
Slabs  falling  in  this  category  may  be  analyzed  automatically. 

Slabs  which  do  not  satisfy  this  condition  may  still  be  analyzed 
using  this  computer  program,  however  the  resistance  function  needs 
first  to  be  determined  and  input  as  part  of  input  data.  This 
would  require  minor  modification  in  the  "main"  program.  The  mod¬ 
ification  would  be  to  bypass  statements  which  are  used  to  compute 
resistance  functions  for  slabs  with  uniform  reinforcement. 

The  most  expedient  way  to  construct  a  resistance  function  is 
by  the  use  of  an  elasto-plastic  finite  element  computer  program 
which  is  capable  of  treating  reinforced  concrete.  Such  computer 
programs  exist  (Ref.  72).  The  major  difficulty  is  that  the  use 
of  such  codes  is  time-consuming  if  a  large  number  of  complex  slab 
systems  are  analyzed.  An  easier  approach,  though  less  accurate, 
is  to  use  the  approach  outlined  in  Ref.  4  and  Ref.  13. 
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GENERAL  FLOW  CHART  FOR  SU\B  ANALYSIS  COMPJTER  PROGRAM 


The  overall  computational  process  is  illustrated  in  Fig.  C.l. 
The  computer  program  consists  of  a  MAIN  program  and  six  subrou¬ 
tines.  The  subroutines  are  PRESSI,  INTG,  CRIT,  FUN,  FINT  and 
STEPIT.  The  MAIN  program  reads  data,  coordinates  the  computa¬ 
tional  process  among  these  subroutines  and  prints  the  results  . 
Instructions  for  using  this  computer  program  are  given  in  Sub¬ 
section  C .  1 . 2 . 

C.  1. 1  MAIN  Program 

As  mentioned,  the  function  of  the  MAIN  program  is  to  read 
input  data ,  coordinate  the  auxiliary  subroutines  required  for 
the  computation  of  the  incipient  failure  overpressure,  and  print 
results.  Its  general  computational  process  is  as  shown  in 
Fig.  C.l. 

Given  a  weapon  yield,  initial  overpressure  and  a  set  of 
specific  slab  data  consisting  of  geometry,  section  and  strength 
properties,  end  conditions,  etc.,  the  program  proceeds  to  con¬ 
struct  the  corresponding  resistance  function  as  a  first  step. 

Based  on  initial  peak  overpressure,  the  corresponding  peak  de¬ 
flection  is  calculated  next.  This  is  an  initializing  step  In 
the  process  the  program  communicates  with  subroutine  PRESSI  which 
provides  the  pressure  time  history  and  subroutine  INTG  which  in¬ 
tegrates  the  equation  of  motion.  The  peak  overpressure  is  then 
incremented  within  a  loop  with  peak  deflections,  and  bond  and 
shear  stresses  are  calculated  and  compared  with  corresponding 
terminal  values  at  each  increment.  In  this  manner  the  incipient 
failure  overpressure  based  on  one  of  the  three  failure  mechanisms 
("flexure,  bond  or  shear)  is  determined. 

A  list  of  input  data  parameters  and  their  corresponding  text 
notation  is  given.  They  are  presented  in  the  same  order  as  that 
of  input  data  statements  in  the  MAIN  program. 

Computer  Variable  Definition 

NW  Number  of  data  points  (not  including  origin) 

needed  to  describe  the  resistance  function 
(e.g.,  NW=3  for  trilinear  slab  resistance 
function  illustrated  in  Chapter  Two) 
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1 


FNPD 

TOO 

NDE 

NTI 

TMASS 

PO 

YIELD 

FKMASS(J) ,KLOAD(J) ; 
J-l,. . . ,NW 

THIS  ( J)  ,TH2S(J)  , 
TH1L(J) ,TH2L(J) ; 

J»1 . NW 

XOO(K) ,  K-l,  .  .  .NDE 
NOPD 

POEND 

IWRT 

FKS ,FKL 


Controls  maximum  time  range  of  integration, 
FNPD  is  the  number  of  natural  periods  of  the 
single  degree-of-freedom  model  (i,e,,  TMAX 
=FNPD  natural  period  of  vibration) ,  FNPD=2 
is  a  conservative  value  to  use 

Initial  integration  time  is  given  in  seconds 
(usually  0.0  sec) 

Number  of  first  order  differential  equations 
needed  to  describe  equations  of  motion  (e.g., 
NDE=2  if  the  one  degree-of-freedom  model  is 
used) 

Number  of  time  intervals  used  in  integration 
scheme  (e.g.,  NTI=50  is  usually  sufficient) 

Total  mass  (mt)  of  equivalent  single  degree- 
of-freedom  system  (lb-sec^/in, ) 

Initial  peak  overpressure  value  used  in  the 
search  for  the  incipient  failure  overpres¬ 
sure  (psi) 

Weapon  yield  (MT) 

Mass  and  load  factors,  Km,  Kl  for  the  resis¬ 
tance  function  (e.g.,  can  be  obtained  from 
Tables  D.l  through  D.5,  Appendix  D) 

Shear  coefficients  9ls,  02s »  Qlt,  $2 l  (e.g., 
can  be  obtained  from  Tables  D  1  through  D.5) 


Initial  conditions  for  equations  of  motion 
(usually  zero) 

Number  of  overpressure  iterations  used  m 
the  search  for  the  incipient  failure  over¬ 
pressure 

Final  overpressure  value  (psi)  used  in  the 
search  for  the  incipient  failure  overpres¬ 
sure  (psi) 

Intermediate  printout  switch  governing  print¬ 
out  of  complete  time  history  for  each  trial 
overpressure  value;  =0  switch  off;  =1  switch 
on  (usually  set  =0) 

Cracked  section  factor  for  the  short  and 
long  side  respectively  (k  ,  k,,)(see  Chapter 
Two  for  definition)  s  1 
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DS,DL 

Short  and  long  side  depths  respectively, 
measured  from  the  compression  face  of  the 
beam  (slab)  to  the  centroid  of  the  longitudi¬ 
nal  tensile  reinforcement  (in.)(ds,  d^) 

PS 

Percent  steel  in  rods  perpendicular  to  short 
side  (pg) 

PL 

Percent  steel  in  rods  perpendicular  to  long 
side  (p£) 

FNS.FNL 

Ratio  of  steel  modulus,  £s ,  to  concrete  mod¬ 
ulus,  Ec ,  for  short  and  long  side  respec¬ 
tively  (ng ,  n^) 

DPS ,DPL 

Distance  between  centroids  of  compression 
and  tensile  steel  in  doubly  reinforced  member 
for  short  and  long  side  respectively  I'd',  d!) 

(in.) 


FA  ,FB 

Short  and  long  side  of  slab  respectively 
(a,  b) (in. ) 

QDL 

Total  dead  weight  acting  normal  to  slab  sur¬ 
face  (Qd£)  (lb/in?) 

FDY 

Dynamic  yield  strength  of  steel  (fdyHpsi) 

ALF 

Coefficient  used  in  bending  resistance 
ula  (a)  (see  Tables  D.l  through  D.5) 

form- 

BET 

Coefficient  used  in  bending  resistance 
ula  fp)  (see  Tables  D.l  through  D.5) 

form- 

GAM 

Coefficient  used  in  bending  resistance 
ula  (7)  (see  Tables  D.l  through  D.5) 

form- 

RHO 

Coefficient  used  in  bending  resistance 
ula  (p)  (see  Tables  D.l  through  D-5) 

form- 

EC 

Modulus  of  elasticity  for  concrete  (Ec 

)  ( psi) 

DTOT 

Total  depth  of  slab  (D)(in.) 

FMU 

Coefficient  used  in  bending  resistance 
ula  ((L)(see  Tables  D.l  through  D.5) 

form- 

PHI 

Coefficient  used  in  bending  resistance 
ula  (<$)  (see  Tables  D.l  through  D.5) 

form- 

PMULT 

Lateral  pressure  multiplier  (M^)  ,  the  amount 
by  which  overpressure  is  reduced  in  magni¬ 
tude  (usually  set  equal  to  +1  for  roof  slabs, 
0.5  for  buried  external  walls) 
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DCAP  Width  of  capitol  (dc)(in.),  when  this  vari¬ 

able  is  not  left  blank  in  the  program  input , 
the  computer  is  instructed  to  solve  a  flat 
plate  problem  (with  reference  to  Table  D  4) ,if 
the  variable  is  left  blank  the  computer  as¬ 
sumes  it  is  solving  a  slab  supported  along 
the  entire  periphery  (e.g.,  Tables  D.l  through 
D.  3 ,  or  D . 5) 

SPS,SPL  Reinforcement  rod  shear  perimeter  per  unit 

slab  length  for  the  short  and  long  side  re¬ 
spectively  (in. /in.) 

KMAXBS ,FMAXBL  Maximum  allowable  bond  stress  for  the  short 

and  long  side  respectively  (psi) 

FMAXSS , FMAXS L  Maximum  ailowable  shear  stress  lor  the  short 

and  Long  side  respectively  (psi) 

VRAC  Leave  blank 


C.1.2  Slab  Analysis  Program  User  Instructions 

A  description  of  the  input  data  and  its  format  is  given  in 
Table  C.l.  The  description  is  for  a  typical,  single  problem 
run.  In  the  event  that  more  than  one  problem  is  to  be  solved, 
the  data  may  be  stacked  back-to-back  and  excecuted  during  a 
single  run. 

Before  proceeding,  the  user  should  be  familiar  with  the 
basic  theory  and  assumptions  concerning  the  analysis  of  rec¬ 
tangular  RC  slabs  presented  in  Chapter  Two.  It  should  be  noted 
that  this  program  calculates  the  incipient  overpressure  only 
Catastrophic  failure  overpressure  is  a  separate  calculation 
involving  the  procedure  outlined  in  Chapter  Two. 
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Typical  Card 


TABLE  C.l 
INPUT  DATA  FORMAT 


1  Card  (115,  2E10.5,  215) 

Col.  1-5  NW 

6-15  FNPD 
16-25  TOO 
26-30  NDE 
31-35  NTI 

l  Card  (3T10.5) 

Col.  1-10  TMASS 

11-20  PO 
21-30  YIELD 

NW  Cards  (6E1U.5) 

Col.  1-10  FKMASS(  ) 
11-20  KLOAD (  ) 
21-30  THIS  (  ) 

31-40  TH2S(  ) 

41-50  TIUL(  ) 

51-60  TH2L(  ) 

1  Card  (8E10.5) 

Col.  1-10  X00(1) 

11-20  X00 (2) 

1  Card  (115,  1E10.5,  115) 
Col.  1-5  NOPD 
6-15  POEND 
16-20  IWRT 

1  Card  (SE10.5) 


Col. 

1-10 

Fes') 

11-20 

FKL  / 

21-30 

DS  \ 

31-40 

DL  f 

41-50 

PS  1 

51-60 

PL  1 

61-70 

FNS  \ 

71-80 

FNL/ 

1  Card 

(8E10 

•  5) 

Col. 

1-10 

DPS  \ 

11-20 

DPL  1 

21-30 

FA  ] 

31-40 

fb  ; 

41-50 

QDL 

hi -60 

FDY 

61-70 

ALF  \ 

71-80 

BET  / 

1  Card 

(8EK). 

5) 

Col. 

1-10 

CAM  \ 

11-20 

RHO  / 

21-30 

EC 

31-40 

DTOT 

41-50 

FMU 

51-60 

PHI 

61-70 

PMULT 

71-80 

DCAP 

1  Card 

(7E10 . 

5>  , 

Col. 

1-10 

SPS  l 

11-20 

3  PL  / 

21-30  FMAXBS  \ 
31-40  FMAXBL  / 

41-50  FMAXSs\ 
51-60  FMAXSL  / 

61-70  VBAC 


Resistance  function  data  points  (excluding  origin) 
Integration  time  range  multiplier 
initial  integration  time  (sec) 

Number  of  first  order  differential  equations  (2) 
Number  of  integration  time  intervals 


Total  mass  of  equivalent  single  degree-of-freedom  system 
(lb-sec2/in.) 

Initial  overpressure  search  value  (psl) 

Weapon  yield  (MT) 

Mass  factor,  K 
’  m 

Load  factor,  K 

1 

Shear  coefficient  ,  Q, 

’  MS 

Shear  coefficient,  Q, 

’  vs 

Shear  coefficient,  Qj  . 

Shear  coefficient,  Q^, 


Initial  velocity,  Ips 
Initial  displacement,  (in.) 


Inltla  1 


conditions  for  integration 


Number  of  failure  overpressure  iterations 
Upper  bound  on  overpressure  search  (psl) 
Detail  printout  switch,  0  off;  1  on 


Cracked  section  factors  (short  ami  long  side) 

Compression  face  to  steel  centroid  depths 
(short  and  long  side) (in.) 

Ratio  of  steel  in  the  short  and  long  directions  respectively 
Ratio  of  steel  to  concrete  modulus 


Distance  between  tension  and  compression  rods  (in.) 

Short  and  long  side  of  slab  respectively  (in.) 

2 

Total  dead  weight  normal  to  slab  surface  (ib/in.  ) 

Dynamic  yield  strength  of  reinforcing  steel  (F^Hpsl) 

t'‘  ^Coefficients  In  Pending  resistance  formula  (see  Appendix  D) 

;  ^Coefficients  in  bending  resistance  formula  (see  Appendix  P) 

Concrete  modulus  of  elasticity  (psl) 

Total  depth  of  slab  (in.) 

^  ^Coefficients  in  bending  resistance  formula  (see  Appendix  o) 
Lateral  pressure  multlpller 

Capltal  width  (leave  blank  If  not  applicable)  (In. ) 

Reinforcement  shear  perimeter  per  unit  length, 
short  and  long  side  (In  /In.) 

Maximum  allowable  bond  stress  for  short  and  long  side  (psl) 
Maximum  allowable  shear  stress  for  short  and  long  side  (psl) 
Leave  blank 
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MAIN  PROGRAM  LISTING 


COMMON/RWT/RW.P, rHlS,TH2S,THlL.TH2L 
CO'-'MON/RIT/IWRT 
COvMON/7X/XS  r  AT ,  PMiJLT,  VRAC 
COMMON/ AY/  TO,  A.  Aa  »B.B!'*C.CC.PO.  VICLO 
V  I  TENS  !  ON  w(  50  ) . R<  50  )  .f  KN  ASS<  50  )  ,PKLOA|J(  50  ) 

COMMON/ AX/w,N,EK«ASS»FKLOAO,NW,TilASS»TPGL 
LI  MENS  ion  TM1S(50)#Th2S(5Q),TH1L(50)»TH2l(50> 

DIMENSION  X00(50>  ,CV(2U 

COMPUTE  DYNAMIC  response 
I  me  LMEEtRLMT  I  AL  EQUATION  IS  0*-  IHf  FORM. 

L2w»(Kt/KM)»(P(T  >-R(W)  1/MT 
SO  ME  aD ( 5 1 1 J )NW  *  u \P J  *  TOO • NOE , NT ! *  TMASS  *  PO,YlE|_n 
U)  I  0RMAT(H5.?b‘!.0.o.2I5/3E.10.3) 

MEaO(S,12)(  FKMASSt  j),FKLOA0(  J)  iTMlSf  J).Th?5(  JI  »TH1L(  J)  * 

1  IH?|_C  J  )  .  wsl. ,  \IW  ) 

1?  *-ORMAT (61-10.5) 

ME  A  D  (  5  #  1  5  )  (  XOO  (  J  )  .  Js  1 »  >,HI.  ) 

15  1 ORM A  T ( BE  1 0 . s ) 

ME  A  0  (  5 . 1 U  1  )  NOrU  .  P  LEND  *  IwRr 

101  1 ORM  A  T (  15.1E10.5.  15) 

ME  AO  (  5  i  350  )  EKS.:  Ki.  ,’JS.  ^  NS  »  PNL  .  OPS  •  !)PL  . !  A  ,  P  B  ,  QOL  ,  EOY  . 

1  ALE,  OFT  ,GAM,R^O.cC,DT0T,E'1U,PiM  *  PM'JLT  .  DC  aP 
35"  0  3  M  A  T  (  fl  E 1. 0 . 5/BF10 . 5/BE10.5  > 

-E  aO(  5. 4  50  ISPS.S^  i  .FMAXRs.h  M  A  XRL  .  C'lAXSS »  E  M  A  XSE  .  VR  A" 

4  50  OP  MAT  (  7tl  J  .  5  ) 

L  (  PMUl  T  •  E.Q  .  0 . 0  )  *  'OJLTsi.O 

(  i.'M"  U  1  L  CLACKED  StCTION  (ACTORS  1  <S  FKL 
r.ov:  R  js  .  1»OTOT 


yvSsPS*>(  3.  *E-MS-i,  ) 

'  ’L  =  P_»l  3  ,  .  ) 

RS  =  PS»(PNS+(2.*FNS-1,  )».l* TTOT/OS) 

CL  =Pl*C  ENL  +  (  2.  *p.yL-1.  >»  .  UDTOT/Ol.  ) 

>•  KSsSQRTIF  MMS**?+2  .  *C3S  l-EMMS 
►  Ki.  sJjQRT  ( i  M (_->•»?-*- 2  .  *QL  )  -*•  mm^ 

T  H  r;  •„  IS  I  RE  SLA-1  AREA  SUOoECTLiT  TO  PRESSURE  WwR"H  *  U  l 
CAUSl  ^ENDING 

rP",L  =  FA»-B  -DCaP*  »2 

COMPUTE  RESISTANCE  and  k  factors 


IR^’SETsr 
B  S  =  1 . 0 
'*  L  =  1 , 0 
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r 


* 


COMPUTE  AVG.  I 

f  I TS*BS*( FKS*DS )  **3/3 . ♦FNS*PS*( (1»^FKS)*0S)**2+ 

KFNS-l.  )*PS*BS*f)S*  (  FKS*DS-3,  )**2 
)  I  GSsBS»DT QT**3/ ±2 , 

FIS*<F!TS+F I GS ) /^  . 

t  ITL*!3L»IFKL»DL  )  **3/3 .  +FN|_»Pl»(  < 1 . -FKL  )  *OL  )  «*2* 

KFML-l.  )*PL*BL*Oi_*(FKL*DL-3.  >**2 
F I GL*8l*UTQT**3/12  , 

FlLs(F!TL+FIGU/2. 

F I AVG*  <  F I S+F 1 w ) /2 • 

HUsPl*nL»L'Pl*h  ^Y*KMU-FA«FH#QDL  ♦PS*DS«DPS#FDY*PH! 

R2AsFt)Y*  (  2  •  *Al>  «iJL*DL*DPL*FB/FA  +  2  .  *BET*PS*DS*OPS  ) -F  A«F'B*QDL 
HKl«GAM*bC*FlAVr./(KA*FA  ) 

>  X?aRHl)*tC*FlAVG/(F  A*Fa  ) 

I'ELlAsRlA/FKi 
UEL2AsDEL1A+IR2a-R1A )/F  K2 

COMPUTE  K  AND  W  i  ABLE 

W( 1)«0.3 
R<1)»0.0 
W(  2)  =  D'-.HA 
K  (  ?  )  =  R 1  A 
W(3)sOEl2a 
A)=R?A 

wM  )snLL2A«10- 
R  ( 4 ) sR2 A 
)  A " LJF sDt u2 A 
*L-.*JFL1A 


COMPUTE  N  A  I  !JW  AL  F R L Q  . 

L 

'.;y 'iSG  =  H(2)»F<LOA  jC2)/(W<2)»Fk4ASS<2)*TMASS) 

TNATFs6 .2S3/SRHT<  0.4GSQ) 

*  NRO=2.n 

(_,  INPUT  ***»*t**<»#****"**<»*<,»aii<»*»*0‘»e  ”**»*“*****« 

WRITE (6. 11  )NW(F\PO#TOO»NUF.NTI  #T.'1ASS»WEL»PO#YIkLO 
ii  i ormak ihi/i*x,3Jhnumbhr  of  deflection  DATA  PO I \ TS=  » 13/ 

1  15X •  47HNUMBFR  OF  TNATF  DURATIONS  FOR  TIM!  I NTFGRAT I ON  = . F 

7  lJ.B/lbX  2  9  H I  N  I  T  I  A TIME  FOR  I NTF  UR  AT  I  ON  =  .  E  lft  .  8/ 

3  15X,  4EHNUMBF.R  OF  FIRST  OROF.R  0  IFl  ERFNJT  I  Al.  E9UA  T  I  QMS5  *  I  3/ 
AlbX.37HNUMRFR  OF  INTEGRAITON  TIME  INTERVALS* , I b/ 

4  lbX .25HT0TAL  MASS  OF  THE  SYSTEM3  *  El6 . 8/ 

6  15X 1 19HE lAST I C  0EFLECTi0Ns.El6.fi/ 

7  15X  »  27hST aRT  SEaRCH  OVER  PRESSURE  =  .  = 16  .  P / 

fi  ISX.IOhY  lELn(MDs,E16.6////) 

WRITE (6. 13) 

1 3  t  ORMATC  9X, 1MW.16X. 1HR. 16X.6HFKMASS.16X.6HFKL0AU  ) 

WR ! TE  t  6 . 14 )  {  W  (  K )  .M(K).FKMaSS'K).FKLOAO(K ) .Ksl.NW) 

14  !-0RMAT(lX»4(E16.tt.2X)  ) 

WRITE,  to.  19) 

19  *  0RmaTI9X,1HW.13a.4HTH1S.13X#4HTh2S.13X.4HTw1L.13x,4hTm?L) 
WR!TE(6.29)(W< J) ,Th1S( J).TN2S(J).TH1L< J).TH2L( J), Jsl.NW) 

29  f ORMATI lX,b(E16.«.2X)  ) 

WM!TE( 6, 16) 

16  y  0RMaT(2UX,3«H«**DIFFERENTIAL  EQ.  INITIAL  CONDITIONS) 

WR'TEt 6. 17 )(  J.XOOt J) , J=1 .NOE) 
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17  !-0RMAT(lX/5X.4HXU0(  ,I2.2H)»,E16.fl) 

WK!TE(6.102)NOPD.'-aILDF,POEN0.  iwrt 
102  T0RMAT(1X//1X.25hMaX  NUMBER  OF  I TERAT I CNS= . 1 3  // 

1  IX# 19^FAILURE  DLFLECT10Na.El6.8// 

2  1X.2CHMAX  SEARCH  PRESSURE -. E16 . 8// 

3  IX  •  35’-'0ETA  !  L  PRINTOUT  SWITCH, ZERO  IS  OFf- =  ,  1 2//// ) 
WRITE(6,35i)PKS,'-K|.,DS,m.  ,PS.PL.F^S,FNL,l»PS,DPL.FA  .Fb.OOL.FDY. 

1ALF  , BET, GAM 

351  hORMAT(lX//iX.35HCRACKED  SECTION  FaCTOR(SHQRT  S I  OF )  =  » E16 . 8// 

i  ix « 34 wc racked  section  factoring  side )  =  .Ei6.8// 

7  1X»3?MLQUIVALENT  DEPTH  0  (SHORT  S I  Dfc )  =  , El6 . 8// 

3  1X.31HE3U1VALENT  DEPTH  0  (LONG  SIOE ) = » E16 . 8// 

4  1X.27HPERCENT  STEEL  (SHORT  SI DE > s , E 16 . 0// 

5  lX.26HOr.RCEKJT  SI  EEL  (LONG  SIDE )s,E16 . 8// 

6  1X.27HM0DULUS  RATIO  { SHORT  SIDE )s #El6 . 8// 

7  1X.26HHOOULUS  RATIO  (LONG  SIDE  *.  s  .E16  . 8// 

0  1X»5?-iI)EPTH  BETWEEN  POS.aND  NEG. STEEL  .DPR  IME  .  (SHORT  SID 

9E ) s  »tl6.4// 

IX.  blHOFPTH  Ml. TWEEN  POS.AND  NFG .  STFRl  .  OP*  I  ME  ,  (  LONG  SIDE 

n  is .E16.0// 

C  IX  >  IP^ShORT  side  LEiNG  f  Ha  »E16  •  8// 

:  1X.17-11.0NG  SIDE  LENGTHS, E16 . 8// 

E  IX . 31 nST A T I C  DEAD  LOAD  PRESSURE (PS I  ) = , E16 . 8// 

f  1 X  •  3  ?  .■  P  Y  N  A  M  I  C  YIELD  STRENGTH  JF  STFEl.  .=  .  L  1  b  .  «// 

G  1X.20hRESISTaNCE  CURVE  COEFF.  ALP=. Lift. 0// 

m  IX  »  RES  I  ST  aNCI  CURVE  COEFF  .  BET*.  E.1  6.8// 

I  1X.20HRLSISTANCL  CUR Vc  COEFF.  GaM*,E16.6> 

WRtTfc(6,35b)RMO,LC,OTOT,r  MU.PHI  .PMjLT.DCaP 
35S  y  0OMAT(lX,28HRL5;SrANCE  CURVE  COEFF.  RH0s.tl6.8// 

1  IX  .  2o  ’Y')0ULUS  D=  CONCRFTcs  .  E 1  6 . 8// 

?  IX.  17  -TOTAL  Si-AR  DEPTH*,F16.A// 

3  IX.  JI’-HLSISTa  MCE  CUR  Vr  COEFF.  (EMU)  s,L16.8// 

4  1X.31-<ESISTANCE  CURVt  COEFF.  (PHI)  =, P-16.0// 

5  ix .24 .overpressure  multipliers. ei6. 8// 

6  lX.lbH  CAPITOL  WIDTHS. E16.0//) 

WR »Tt( 6.451 JSPS.SPu.FMaXBS.FMaXRL.FMAXSS.FMaXSL. V« AC 
451  T  ORM  a  T  ( IX  /  /  1 X  .  4?.iS  I E  EL  SHEAR  PERIMETER  PER  IN. (SHORT  S  I  DE  5  =  .  E 16 . 8/ 

1  IX. 41 1  STEEL  SMF  AR  P[-RIM;;tER  p.P  !N.(lOnC  S  I  QE  )  =  .  E 16 . 0/ / 

2  1X.33hMaX  ALL.  BOND  STRtSS( SHORT  S ! OP  )  s , c  1 6 . 0// 

3  lX.33HMAx  ALL.  BONO  STRESS< LONG  S ! OF  )  =  , F16 . 0// 

4  1X.34hMaX  ALL-  SHEAR  5TRESS(SH0RT  S  I  Of.  )  a  ,  El6 . 8// 

5  1X.33-MAX  ALL.  SHEAR  STRESS  (  LONG  S  I  DE  )  =  . «'  16 . 0/ / 

6  1X,25HV0..U4F/aREA»C0  Ra  T  I  Os  ,  1. 16 . 8  /  /  ) 
wHITh(6./3l)TNAT- 

731  y  ORMaT(1X///1X,2pHPERIOD  OF  FREE  VIBRATIONS ,E16 . B/// ) 


CAi_l  PRESS! 

1 max*tnaif#fnpd 

!  p  (  TO  .  GT  .  ,99b-»-30)T4AX  =  ENPO 
C 

C  TVAX*FNPD  OPTION  only  used  WHEN  SOLVING  THE  STFP  SOLUTION  I,  E.  TO  VERY 

C  LARGE 

c 


C  IMTULIZL 

c 

CV ( 20  )  =  0 • 0 
CV ( 19  )  =  0 . 0 
C V ( 18  )  =  0 • 0 
CV( 1 7  ) so • 0 


304 


<  I  o 


CV ( 16  )  s0 • G 
CV ( 15 ) s0 • 0 
CV ( 1 )  =WEL 

CALL  INTCit  TMAX,TUO,XOO,MDEiMTIiCV> 

CV ( 20  I  is  TNL  PEAK  DEELECTION 
CV( 19)  IS  THE  TIME  aT  WHICH  THE  PEAK  OCCURgD 
xPAsr=cv(2a) 

DELP*(POEND-PO)/>-LOATCNOPD) 

LO  103  J  =  l,NOPU 
POsPO+DFCP 
CAi L  PRESS  I 

tmax*tnaif*fnpo 

IF(TO.GT. .99E+30 ITMAXsfNPO 
c 

C  TMAX  =  FMPD  OPTION  only  used  when  solving  thf.  step  solution  I,  E.  To  VERT 

LARGE 

c 

CVC20  )  =0 . 0 
CV( 19)=0.0 
CV ( 18  )  s0  *  0 
C  VC  17  )  so. 0 
C  V  (  1 6  )  s  0 . 0 
0  V  ( 1 5  )  s  0  •  0 

CALL  I'JTG (  TMAX »  TOO »  XOO. \'OE  » NT  I  ,  CV  ) 

i 

w 

c  if  o cap  is  not  zero. this  implys  slab  is  supported  by  capitols, 

:  otherwise  ir  is  am  edge  support 

I F ( D C A P . 0 T ,0.0)00  TO  7100 

c 

compute  total  shear  per  inch  of  side.  (dynamic  shear  +  dead  wt.shear) 


HUO  +  PH I +  BF T sQ  OPTION  IS  EMPLOYED  ONLY  r0R  ONE  W*v  SLABS. WHERE  SHEA*  I? 
IS  acting  only  on  side  FH 


IF(RHO*PHI+BET.FU,0.0)  go  to  7100 
VTOTS=(CV(  1A)+F  A«FR#QDl/(  2.  Ml  ,+FB/FA)  )  >/FA 
VT0TL  =  (CV(  16)+F  A»Fd»QDL/(  2.*U  ,+Fa/FB)  )  >/FB 
GO  TO  /GUI 
7100  VTOTS=0.0 

VTOTL  =  (CV(  16)>F a»F3*Q •  /2,)/FB 
GO  TO  7001 

7000  VT0TS  =  (CV(18)*F  A*f-B*QDL)/(4,*OCAP+r)TOT)  ) 

VT DTLS VTOTS 

GO  TO  /001 

COMPUTE  BOND  AND  SHEAR  STRESSES  ON  SHORT  AND  LONG  SIDES 

7001  t?SS  =  VTQTS/(SPS».tt75*DS) 

LiSl*VT0TL/(SPL*.»75»0L> 

oSS«VTOTS/(nS».P/b) 

SSL«VT0TL/(DL*.fl75) 

IF (FMAX8S.LT.8SS  >  GO  TO  70 
I  FCFMaXBL.LT.BSU  GO  TO  70 
.P(FMaXSS.lT.SSS )  GO  TO  70 
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1  F  (  FMAXSL .  IT  f  SSL )  GO  TO  70 
GO  TO  71 

70  IP( IRESEI ,EQ.l)  GO  TO  7l 

WRITE<6, /2)PO»BSS  .FMaXBSiBSL# FMaXRL.SSS.FMAXSS, SSL. FMAXSL 
l»CV(i8)»CV(l/).CV(l6).CV(l5> 

72  t-ORMAT(lX///lX,51HSHEAR  AND/OR  BOND  STRESS  VIOLATED  AT  OVER  PRESSU 
lR&s»El%.a.2X»3HPSl.lX// 

21X.24HH0ND  STRESS<SHORT  S  IDE  )  =  .  E16 . 8 , 2X  #  14HMAX  A--LOW  A0LE=  .  E16 , 8// 
31X.24HB0ND  STRESSClONG  SIDE  )S»E16,B»2X»14HMAX  ALLOWABLE' .E16 . 8// 

4 IX  #  25HSHE aR  STRFSS(SHORT  S I DE >  =  * £16 , 8 » 2X * 14HMAX  ALLOW  ABLE* »E16 , «// 

SIX . 25HSHtAR  STRESSILONG  S IDE  )  =  .E16 . 8. 2X .  14HMAX  ALLOWABLE' »E16 , 8// 

61X  .  34HPE  AK  DYNAMIC  S-*EaR  PER  SHORT  S I  DE=  *  F16  .  8/ / 

71X.29HPF.AK  SHEAR  T[MF  (SHORT  S I DE )  =  , E 1 6 . 6 / / 

FIX , 33HPFAK  DYNAMIC  SHEAR  PER  LONG  SIDE= #K16 . 8// 

91X.28HPEAK  SHEAR  TIME  (LONG  S  IDE >**E16 . A// ) 

IRf-SET  =  l 

71  CONTINUE 

nt.FlNE  RRi-SEN  T  Or  EL  ECT  I  ON 
XPRES'CV ( 20 ) 

lF( XPRES-FaIlUF.GT .0. )  CO  TO 
XPaST=XPKES 
10  3  CONTINUE 

wR I TE ( 6  » 10b ) 

105  ;  ORMAT( 1X.11MNO  SOLUTION) 

GO  TO  50 

111  OcLTXV  =  XHRi;S-XPAST 
JPsOELP/DRlTXV 
'■  S''F»(RA1L0F-XPAST  )+DO-'1|-.lP 

r-D  =  C 

-  A  I.  L  PR'rSS  ! 

FMAXsTNA  IF*Fr\PD 
iE  (TO.GT.  ,  99E  +  3C  )  Ty|AX  sC  !'|PI.) 

tmaxsrnhd  option  only  used  whin  solving  the  stld  solution  i,  l.  to  verv 
large 


111 


OV( 20)  =  0.0 

:v( i9)*o.o 
GV( 18)  =0.0 
E  V  (  1 7  )  s  C  •  0 
LV( 1 6  )  =0 . 0 
-V( lb)  =  0.0 

CALL  INTG(TMAX,TOO,XOO,NOE, NT  I  , cv ) 

XNDsCV(20)/WcL 
I NQ*CV( 19 )/T0 

wR  T  TE  (  6 . 20 )  XND ,  7ND,  CV  (  20  ) .  CV  C 19  > » PO»  Y I  ELI) 

1. .  CV(  18)  ,IV(  1  ;  ) . C V ( 16  )  .  cv(  lb  ) 

20  c0HMAT(lX,QflHSQlUTl0N//lX,2AHNUMBER  OF  YIELD  DEFLECT  I ONSc ,E16 , 8// 
11X.31HN0N  DIM  PEAK  TIME  (W.R.T.  TO)  *,£16.8// 

21X.25HACTUAL  PEAK  D I SPL ACEMENTs , £16 , 8// 

31X, 17HACIUAL  PcAK  T I MEs . L16 . 8// 

41X,20h0VER  PRESSURE  (PS  I )3#E16,8// 

51X.11HYIELD  (MT)=.E16.8// 

61X,34HP£AK  DYNAMIC  SHEAR  PER  SHORT  SIDE=»E16 . 8// 

71X.29HPEAK  SHEAR  TIME  (SHORT  S  IDE > • , E16 . »// 

81X ,  33HPF.AK  DYNAMIC  SHEAR  PER  LONG  SIDE* .E16 , 8// 

91X  »  28HPE  AK  SHEAR  TIME  (LONG  S I DE ) * »E16 , 8// ) 

I F  (  IRESE1-D672.67l.67l 
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671  *R!Tfc<6,673)  ' 

673  r ORMATC  1X69HSHEAH  AND/OR  BOND  STRESS  FAILURE  OCCURE^,  SEE  PRINTOUT 
1  ABOVE"  *•**«*•*#  ///) 

GO  TO  672 

COMPUTE  IOTAI  SHEAR  PER  INCH  OF  SIDE(DYNAM!C  SHEAR  +  DEAD  WT,  SHEAR) 

672  ! p ( DC  AP . GT . 0 . 0 ) GO  TO  7003 

HHO+PH I  +rjE  r  i  g  OPTION  IS  EMPLOYED  ONLY  FOR  ONE  WAY  SLABS. WHERE  SHE  AH  IF 

IS  ACTING  ONLY  ON  S I  OF  rB 


l^WHO  +  PMl*RET.rj.3,o)  Go  TO  7101 
VTOTS«(  CV(  ie>  +  -  A»FB«ODu/(  2.*(  1 .  B/FA) )  )/FA 
VTPTl  =  (CV(  16)+r  A*F<3*Q0l/  c  2.«<  1  ,+FA/FB) )  )/FU 
GO  TO  70U4 
7101  VTOTS=O.U 

V TQTl  =  (  C  V  (  u  )  +  -  A  «F  B*30i  /2  .  >/FB 
GO  TO  70Q4 

7003  vroTS=(CY(lfl)*3DL*FA#Fii)/(4,*(i;<CAP  +  nTOT)  ) 
vTOTL»VTUTS 

.,0  TO  70U4 

7004  BSSsVTOTS/(SPS» . 87S»CS) 

BSlsVTOTL/ISHL* . 673«pl ) 
bSSsVTOTS/lOS’.fl/S) 

SSL  =  VTQTL/(DLt'.A /S> 

WRITE  (  6,67/  )dSS.  -  MAXBS  .  BSi. .  FM  A  XBu.  *  SSS.  FMAXSS*  SSL  ,  FMAXSl. 

677  FORMAT! 1X///1X.43MSHEAR  A  NO  rtONO  STRESSFS  AT  FLFXURE  FAILURE  /// 
11X.24HB0ND  STRESS ( SHOP  r  S  I OE  ) s  » E 16 . A » 2X > 14hMAX  ALLOWABLE  =  * E16 . 8// 
21X.24HJ0ND  STRLSSClONG  S I DE ) = . E16 . A , 2X . 1 4HMAX  AH  OWABlE = » E16 , 8// 
31X.25HSMC AR  SIR-oS(ShORT  S ! DL  )  =  , 6 16 . 8 » 2X . 1 4hMAX  Al. OWABLE  =  , E16 . 8/ / 
41X,2bHSHtAR  STRESS(LONG  S  I OE  )  s  ,  E16 . 8 , 2X  ,  14HMAX  Au..nWAdLt  =  k  E16  .  A 
b/nn 

TRaTI OsTU/TNATF 
WRITE (6.732) THAT  10 

73?  i-ORMAT(  1X//1X»34'|P-JLSE  OURaT I OM/NA TURAL  »  Rl.o, Ratios, E16. 8//) 

674  CONTINUE 

'F (  T  M  A  X  -  L  V  ( 19  )*1 .03)2000*2000,50 

2000  WRITE (6,2001) 

2001  FORMAT( 1X,35H*««m>**#CAUT I  ON. SOLUTION  HAS  NOT  PEAKED  OUT, EXTEND  FNP 
IPO  ) 

GO  TO  30 

-NO 
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C.1.3  Subroutines  INTG  and  FUN 


Integration  of  the  differential  equation  of  motion  described 
earlier  (Chapter  Two)  was  performed  by  means  of  the  Runge-Kutta 
(Ref.  56)  fourth  order  process  which  was  programmed  and  is  rep¬ 
resented  by  subroutines  INTG  and  FUN.  Actual  integration  is 
performed  within  the  body  of  subroutine  INTG  which  initiates 
the  process.  The  function  of  subroutine  FUN  is  to  express  the 
given  differential  equation  first  order  form: 


Xi 


'  “TiT"  *  Km/KL 


x2 


X1 


In  these  equations  R  represents  the  resistance  function, 
p  the  loading  function  and  mt  the  mass  of  the  system 

Computer  Variable  Definition 


TMAX 

TO 

NDE 

NTI 

TMASS 

XOO 


Time  range  (sec)  over  which  the 
integration  is  to  be  performed 

Initial  time  (sec) 

Number  of  first  order  differential 
equations 

Number  of  time  increments  (At) 

Total  mass  (mfc)  of  equivalent  single 
degree-of-freSdom  model 

Vector  of  initial  conditions 


CV  Vector  which  transmits  information 

from  subroutine  INTG  to  MAIN 

XO  Solution  at  the  start  of  a  typical 

time  step 

XN  Solution  at  the  end  of  a  typical 

time  step 

FKl  ,FK2  ,FK3  ,FK4  Value  of  xi  or  x£  evaluated  at  the 

corresponding  xl,  X2  (i.e.,  ft  X01ST, 
X02ST  ,X03ST,X04ST) 

T  Time 

F(  )  Value  of  x^  and  Xn  evaluated  at  a 

given  x^  or  x9 
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X(  ) 

G(  ) 

RW 

PT 

P 

PMULT 

W(  ) 

R(  ) 

FKMASS 

FKLOAD 

TPGL 

A,AA,B,BB,C,CC 

PO 

YIELD 


Dummy  variable  for  x-^  and  ^ 

Dummy  variable  for  CV 

Represents  R,  the  resistance  function 

Overpressure  (P(t)) 

Applied  force  to  one  degree-of-freedom 
model  (p(t)) 

Multiplier  used  to  proportion  of  the 
amount  of  surface  force  applied  to 
the  slab 

Values  of  abscissa  which  define  the 
junction  points  of  the  piecewise  linear 
resistance  function 

Values  of  the  ordinate  which  define 
the  junction  points  of  the  piecewise 
linear  resistance  function 

Mass  factor  (K  ) 
m 

Load  factor  (KL) 

Projected  area  of  slab  (or  arch) 
being  analyzed,  thus  P=PT*PMULT*TPGL 

Shock  parameters  a  ,a,b,f-*jC 

(see  subroutine  PRESSI  discussion) 

Peak  overpressure  (psi) 

Weapon  size  (MT) 
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SUBROUTINE  INTG  LISTING 


SUBROUTINE  1NTG(TMAX# 1 0 • X00#  NDE , NT  I , CV ) 

RUMGL-KUTTA  4Th  ORDER  INTEGRATION  PROCESS 

01  MENS  I  ON  X0(3Q ) *XN(50 ) . XOO ( SO  ) ,  CV ( 20 > .  FK1  (  50 > , FK2( 50  ) , FK3( 50 > . 
1CK4<&0)  ,X01ST<bO  >»X02ST<  50) ,X03ST(5Q) 

SET  INITIAL  VALU-  S  FOR  T.  XN,  AND  FK1 

hs(tmax-io)/floa r ( mt i > 

DO  ?.  K si, NOE 

2  XN(K)=XOUU) 

!  =T0 

f.ALL  UM  TO ,  XOQ  * l-  ki  ,  c  V  ) 

END  INITIALIZATION 

do  i  j=i.n;i 
'.'0  3  LSI,  NOE 
XO( L  >  =  KNC  L ) 

3  xOi  S  T  (  l  )  =  CK1(  -  )  «  ■*»  .  5  +  x 0 ( l.  ) 

I 1STsT+H».5 

CALL  HJMTlSl  .X01ST.FK2.CV) 

'  0  4  Ms  i,  N.JF 

4  XC2ST( v)sFK2(M)*h«,5  +  XU(M) 

' 2ST  =  T 1ST 

CA..I.  ^  JNl  T2S  f  •  X02S  T  .  FK3-  CV  ) 

'  0  5  \'  =  1 ,\0E 

5  X0?ST(N)=FK3(N)»-t  +  XO(N) 

! 3ST  =  I  +  M 

v.A'  L  F  JN  l  T3S  T »  X03S  T  ,  f  K4  »  CV  ) 

:0  6  Jjsi,.MDt 

6  xN(JJ)=  XO  C  J  J  )  -*-  H*(FK1(  JJ)+2.«EK2(  JJ)  +  2  .  *FK3(  JJ  )+FK4  (  JJ)  )/6. 
SF.t  -me*/  i  I  ME  INCREMENT  ‘-OR  NEXT  STEP  IN  SOLUTION 

' =T3ST 

SET  NEW  VALUE  >•  OR  FK1  FwR  NEXT  STEP  IN  SOLUTION 
CAl.t  FUMT.XN.FK1  .CV) 

‘  K  \  IS  NOW  X  v'I'O  T 
C  A u L  CRI  I  ( X  N , X  u » '  Kl.CV.T) 

CO  ON  TO  CALCULATE  NEXT  TIME  STEP  IN  SOLUTION 
1  CONTINUE 
RETURN 
END 


SUBROUTINE  FUN  LISTING 


SUHROUT I  ME  PUN(T.X,F,G) 

LQumON/RKT/RWiP#  I  HlS , T  m2S  »  T  MIL  i  TH2I. 

CO'',M0\'/7//KSI  •*  T.kMJLT.VPAC 
L'  I  YENS  (ON  I-  (  50  )  •  X  (  50  ) »  G  (  20  ) 
r  o "’MOM  /  AX/W  ,  R  .  i-  KMASSiE^LOaD  #  NW ,  TMaSS  »  TPGL 
.0:  MON/ AY/  TO.  A  .  A  A .  B » 9B  *  C .  CC .  PO  .  Y  I EL^ 

'j  I  -iFNS  1  ON  W<  50  ) .«(  50  ) .  pkMaSST  50  )  .  F<lOAD(  50  ) 

0  !  ,-iR.MS  T  ON  THIS (  50  ) .  TH2S (  50  ) ,  TH 1L  <  50  ) .  Th2l  (  50  ) 

!)!  SCRIP!  ION  OF  rlR$T  0RIJFR  f) !  f  FERtNT  1  AL  EQUATIONS 

X C 1 ) * . VFLOC!  TY 

X  (  2  )  . DlSP'.AO.MFiyjT 

=  !:  .  SUW  A  Or  PRC SSUKF 

t\»:ULT  IS  AN  OVERPRESSURE  MUuT  i  K  I ER  (USUALLY  1.  OR  LESS,)  E.G.  FOR  USE 
UIMOF  H  lROUNO  WaLl  PROLbMS 

PsFT#TF-'G_  IS  I  H|.  oUHFAC;  -  ORCt. 


L  *  1,  .  0 

TAUsT/TO 

F(TAU.GI  .1.  )  Z  =  G* 0 

"TsPOof  A*EXP( -aaoTA(J)  *  H»EXP( -Bt3»TAU  >  +  >EXP( -CC*  T  AU  )  ) «  (  1 . -T  AU  )  *Z 
w  =PT»TPr,L*PMUL  T 

GM.i  scv(i)  =  wtL  (Elastic  dec  lection 

MW  ,FKM  .  F  K  ^  ARi;  TMF  INTERPOLATED  VALUES 
11  uALL  TIM  (H.W,NW.RW.X(2>  > 

CALL  STEU I T{ FKr  ASS.W.Nw ,1  KM, X( 2 ) ) 

LAI  L  S  TEH  I TCFKuOAD.W.NW.LKL ,X<  2 ) ) 

2  I  (  l)  =  (FKi_/FKM)«(M-RW)/IMASS 
-  C  2  )  =  X  <  1 ) 

RETURN 

END 
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r-> 


C.1.4  Subroutines  FINT  and  STEPIT 


The  function  of  these  two  subroutines  is  to  perforin  inter¬ 
polation.  Subroutine  FINT  is  used  for  interpolating  functions 
with  linear  variations,  as  in  the  case  of  resistance  functions 
for  structural  members  discussed  earlier.  Subroutine  STEPIT  is 
used  for  those  functions  which  vary  in  a  step  fashion.  Program 
variables  are  described  below. 


Computer  Variables 


Definition 


FV 

XV 

NX 

F 

X 

XREM 

JSAVE 

DELTXV 


Stored  function  value  (dependent 
variable) 

Corresponding  stored  independent 
variable 

Number  of  dependent  and  independent 
values  stored 

Interpolated  function  value  corre¬ 
sponding  to  X 

Independent  variable  value  corre¬ 
sponding  to  F 

Variable  records  original  sign  of  X 
before  taking  absolute  value  of  X 

Location  of  nearest  stored  function 
va  lue 

Distance  between  two  nearest  stored 
va lues 
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SUBROUTINE  FINT  LISTING 


SUHROUr  1NE  RlNT(t-V.XV.NX.E.X) 

: '  I  MENS  I  Or>>  F'v(bO>.XV<50> 
i ntewpol a T I cm  rcuiinf. 

XRI MsX 
X  =  ABS(  X  ) 

FMUL*1.0 

rV  ARE  PUNjGTION  VALUE'S  (NX  OF  TWEM) 

XV  ARE  !ND.  v AW.  (NX  OE  THEM) 

t,x  are.  i  ml  mj\c  i  ion  ava  ind.  var  cor  so'if  interned  i  ate;  point 
(ip  f  is  the  ;nt-rpol*t»:o  vaujd 

•  IRST  3RACKE  I  X  10  NEAREST  GIVEN  PT. 

0  10  J  =  <* ,  NX 
.  SAVEs.. I 

I r  (  XV (  J ) -X .  G  I  .0.  >  GO  TO  U 

in  continue 

;  E  (XREiN.LT. 0.0)PRIJls-1.0 
Esr  V(NX)*»FNUL 
'■'  =  XHEN 
"i  E  I  ()RE 

11  OF'  TXVsXV<  JSAVl  > -XV  <  JSAV-.-i  > 

:IE  =  (E  V(  JSAVE  )-E‘V(  JSAVE-l )  )/OELTXV 
,f-  (  XRLM.LT.  0.0  'E.NlM-l.n 
=  !  0E*(  X-XV(  JSAV-_-l )  )+EV(  JSAVE-1  >  )«PNUL 

-  x  R  E  iv- 
H '  '  1.IRN 


313 


SUBROUTINE  STEPIT  LISTING 


SUHRQUTIIME  srEPlHKV.XV.NX.F.X) 

■nyFNSlO'V  f  V(50)  .XV(bO) 

ST'  P  INTERPOLATION  ROUTINE 

IV  ARE  FUNCTION  VALUES  (NX  OF  THl£  ^ ) 

XV  are  InOEP.  VAR  (NX  OF  THEM) 

i-IRST  r)R4C<ET  X  AN:)  T  ARF  I’UNCT  I  ON  VALUE  10  THE  RIGHT 


l 

1  . .  V  C  4  ) 

1  . »IV(3) 

1  .  L 

1  .  1  E.G. 

1.  .  .*■  V(2>  I  AT  X  ,  F  =  FV(4) 

1  1 

lKV(l)  1 

e  - - - - — - 

XU.)  X  x  (  4  ) 


XR(_  Ms  X 
X  =  A0b<  X  ) 

F  M  U  L  s  1  •  0 
00  10  J  =  2 >  N X 
jSAVEs j 

i f c xv c j)-x.nr  .0. )  go  Tu  11 
10  continue 

i c  (  X R E  M . l T . 0 • 0  ) r  mUls-1. 

I  =f  V(  NX )»PMUL 
X  =  XRt  M 
RETURN 

1.1  IT  (XRFM.lT.O.O)  'Ul  =  -1 . 0 

=F  V(  JSAVI  )  *E  TUi 
XSXREM 
RETURN 

cN1) 
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C.1.5  Subroutine  CRIT 


The  purpose  of  the  subroutine  CRIT  is  to  keep  track  of  the 
maximum  value  (in  time)  of  selected  critical  time  varying  param¬ 
eters  and  the  corresponding  time  at  which  the  peaks  occur.  The 
critical  values  of  interest  are  updated  after  each  step  in  the 
integration  process. 


Computer  Variable 

Definition 

CV(18) 

Current  maximum  value  of  the  total 
shear  force  acting  on  the  slab  short 
side  (lb) 

CV(17) 

Time  value  corresponding  to  CV(18)(sec) 

CV(16) 

Current  maximum  value  of  total  shear 
force  acting  on  the  slab  long  side  (lb) 

CV(15) 

Time  value  corresponding 'to  CV(16)(sec) 

CV(20) 

Current  maximum  value  of  the  displace* 
ment  of  the  slab  centermost  point  (in.) 

CV(19) 

Time  value  corresponding  to  CV(20)(sec) 
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SUBROUTINE  CRIT  LISTING 


SURROIJ T !  WF  CR ! T  <  XN , XO  #  XNDOT .  CV ,  T  ) 

COMMON/ AX/ W,  R.  PK  A  ASS  #  FKLO  AD  #  NW ,  TM  ASS  #  TPOi. 

OI WENS  1  0<\  W<  5H  )  ,H(  50)  .1  <MaSS(  SO)  *PKL0AO(  SO) 

C  OMMQN/RW  7  /?•*!  ,  h'  .  I  HIS. Th2S.  THll  .  T02l 

01  MENS  ION  f  HIS  <  SU  )  . TH2S( SO > »  THILl 50  ) »  TH2l ( 50 ) 

01  WENS  ION  XN( 50).X0i3Q).XND0T<50) »CV(20 ) 

COMWON/RiT/lWRT 
.)  I  SP  =  XN  (  2  ) 

OISPPsABb<UlSP  ) 

IP(CV(20)-i)lSPP)lil#2 

1  CV(19)sT 
CV(20)=0'SPP 

2  CO'vT  I  NUt 

COMPUTc  max  xS  a nO  MAX  Ml 

00  10  J  =  2..\iU 

JSAVE= J 

!MW(J)-U!SPP-OT.O.  )  0,0  TO  11 
1C  CONTINUE 
11  THisxsTHlS(  J5AVL ) 

I  H2SXsTH^S( JbAVL ) 

1  H  1  L  X  S  T  UJ.  L..  {  JS  A  Mc  > 

1  ^2 LX=  TN2L  C  J S  A \/ 7  ) 

VSsTHlSX*P+TH2SX*RW 
VL=TH1lX#P+Th2LX-RW 
If  CCVQH  >-V5  M  .  4,5 

4  CV( 17  )sT 

C V{ id )sVb 

5  LPVTINUF. 

)pCCV< 16  >-VL )6.6. 7 

6  U(15)=T 
CVf 16 ) =VL 

/  GOVT  I NJL 

:e  (  1  WPT  .  -  Q.  D  )  (,0  i  0  50 
A'RrTL(6,30)X\(2),X\|(l),T 

30  TOPMAK  1X/1X.  19MCRQWN  D I SPL  ACLMPNT  =  , E16 . 3  »  3X  »  9HVt.L0C  ITY3*E16,8»3X, 
15HTlMFs,clA.d > 

50  CONTINUE 
RLTUKV 

■  NO 
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C.1.6  Subroutine  PRESSI 


The  function  of  subroutine  PRESSI  is  to  calculate  magnitudes 
of  free-field  overpressure  generated  by  KT  and  MT  size  nuclear 
weapons.  For  a  given  peak  overpressure,  weapon  size  and  time 
after  the  arrival  of  the  blast  wave,  the  corresponding  overpres¬ 
sure  level  is  calculated  using  the  following  equation  (Ref.  57): 

AP  -  APc(ae'ar +be‘^T +ce‘7T)(l  -  t)  ,  psi  (C.l) 

S 

where 

AP  is  the  overpressure,  psi 

APg  is  the  peak  overpressure,  psi 

t  is  the  time  after  shock  arrival  measured  in 
units  of  positive  phase  duration,  i.e., 


and 

tg  is  the  shock  arrival  time,  sec 

Dp  is  the  duration  of  the  positive  phase,  sec. 

Coefficients  a,  b  and  c  and  a,  p,  y  are  shock  parameters  which 
are  given  in  Ref.  57  in  graphical  form  (see  Fig.  C.2)  as  func¬ 
tions  of  AP  .  Graphical  forms  of  shock  parameters  are  not  simple 
s 

functions  (curves);  and  before  Eq.(C.l)  could  be  programmed  for 
electronic  computation,  it  was  necessary  to  develop  approximate 
equations  for  curves  a,  b,  c,  a,  p,  7  and  D*. 

Curves  representing  the  variation  of  the  given  shock  param¬ 
eters  (Fig.  C.2)  were  divided  into  a  number  of  regions  (peak 
overpressure  ranges)  characterized  by  the  type  of  variation, 
i.e.,  linear  or  nonlinear.  Nonlinear  portions  were  approximated 
by  means  of  parabolas.  A  typical  idealization  performed  is 
shown  in  Fig.  C.3  and  represents  the  variation  of  shock  param¬ 
eter  b.  This  curve  was  divided  into  five  regions  with  respect 
to  peak  overpressure.  The  variations  in  these  regions  are  given 
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Fig.  C.  2  APPROXIMATE  ANALYTIC  FORM  FOR  OVERPRESSURE  VS  TIME 

FOR  NUCLEAR  BLAST  WAVE  IN  TERMS  OF  PEAK  OVERPRESSURE 
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Fig.  C .  3  IDEALIZATION  OF  SHOCK  PARAMETER  b  CURVE 
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by  the  following  equations  : 

Linear  Variation 

C?(k,i) 

V(k)  =  C1(k,i)  Vj-  (C. 2) 

Nonlinear  Variation 

V (k)  -  C1(k,i)  +C2(k,i)  in  Po  -i  yk.i)  [in  PD}2  (C . 3) 

In  Eqs.  (C.2)  and  (C.3)  the  index  k  designates  the  shock  param¬ 
eter  curve  being  considered.  These  designations  are  shown  below. 


Shock  Parameter 

Program  Designation  (k) 

a 

1 

b 

2 

a 

3 

3 

4 

7 

5 

Index  i  designates  the  overpressure  range  being  considered.  The 
type  of  variation  being  considered  in  any  one  case  is  designated 
by  KIND(k,i)  =1  or  2  ,  where  1  refers  to  a  linear  variation  and 
2  to  a  nonlinear  variation.  The  number  of  overpressure  ranges 
NRANGE(k)  in  any  one  case  varies  with  the  type  of  variation. 
Overpressure  ranges  and  Eqs.  (C.2)  and  (C.3)  corresponding  to 
each  overpressure  range  for  the  five  shock  parameters  listed  are 
given  in  Table  C.2.  The  shock  parameter  c  is  not  included  since 
it  is  obtained  from  c  =  1  -  a  -  b.  Numerical  values  of  curve  equa¬ 
tion  parameters  are  set  in  data  statements  in  the  program  (see 
program  listing). 

Subroutine  PRESS  may  be  used  where  the  value  of  the  peak 
overpressure  is  within  the  range  2<aP_<10,000  psi.  Figure  C.4 
presents  PRESS  in  flowchart  form.  As  input  the  subroutine  requires: 
peak  overpressure  (psi) ;  weapon  size  (MT) ;  and  the  time  after  the 
arrival  of  the  shock  front  (sec). 
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TABLE  C.2 

SHOCK  PARAMETER  IDEALIZATION 


Shock 

Parameter 

Overpressure 

Range 

Type  of  Curve 

Equation 

a 

2-15 

Straight  Line 

a  -  0.94127992  po*0- 06469880 

15-35 

Straight  Line 

a  -  1.16282745  po-0- 14275098 

35-75 

Straight  Line 

a  -  1.06328338  PO-0*  H757965 

75-220 

Parabola 

In  a  -  -2.1696237  +  1.0499078  In  PO  -0 . 15072543(7n  P0 )2 

220-300 

Straight  Line 

a  -  10.63372195  p0*0'60360648 

300-900 

Parabola 

in  a  -  -3.5915442  +  1.3617450  in  PO -0 . 16150803 (in  PO) 2 

900-  2000 

Straight  Line 

a  -  38.49753141  PO-°-80154185 

2000-10000 

Straight  Line 

a  -  57.4686446?  PO-°'85425206 

b 

2-9.8 

Straight  Line 

b  -  0.07391036  p00-43615142 

9.8-30 

Straight  Line 

b  ■=  0.10067667  P0°- 30073985 

30-1500 

Parabola 

t'nb  -  -4.4409313  +  1.3757287  in  PO  -0 . 13063109( In  PO)2 

1500-4000 

Parabola 

inb  =  23.490011  -  6.1312383  (nPO+  0 . 37362382  (  n  P0) 2 

4000-10000 

Straight  Line 

b  -  0.51999155  PO-0 •  12138683 

Ot 

2-3 

Straight  Line 

i  -  0.125  P01'0 

3-20 

Parabola 

,n  -  -2.3415881  +  1.5JJ24/9  <n  PO -0 . 24087817  (*'n  P0) 2 

20-30 

Straight  Line 

a  -  0.35607458  p0°- 34469537 

30-100 

Parabola 

t'n  -  0.34285702  -  0.42775009  .nPO+  0 . 10820815(  f  n  PO)  2 

100-300 

Parabola 

7u  r  =  -9.2697949  +  3.7176161  i  n  PO  -  0 . 33868201  ( ,’n  P0)2 

300-500 

Straight  Line 

-t  -  2.00406623  P00-03876594 

500-6000 

Straight  Line 

rt  =  0.75434693  P0°- 19598924 

6000-10000 

Parabola 

f  n  u  -  68.131084  -  15.363012  in  PO  +  0 . 88453218( r n  PO) 2 

!3 

2-22 

Straight  Line 

(s  -  0.25521219  po0-34874251 

22-40 

Straight  Line 

3  -  0.44409685  P0°- 16953199 

40-110 

Fa ra bo la 

h.  H  -  6.8634444  -  3.7469502  ,n  PO  +  0.49767470( .  n  PO) 7 

110-280 

Parabola 

in  ft  =  -24.211087  +  9.1911457  in  PO  -  0.84839391  (,n  POV 

2  80-1700 

Straight  Line 

ft  -  1.38981839  p00-05549113 

1700-5000 

Parabola 

in  0  -  19.986486  -  5.0649923  m  PO  +  0 . 33310964 ( in  P0)  2 

5000-10300 

Straight  Line 

3  -  0.00  853424  PO0- 67807 190 

7 

2-200 

Straight  Line 

7  -  0.02446584  Po0-22826899 

200-10000 

Parabola 

m  7  -  0.14168432  -  1.0923874  f n  PO  +  0. 11203606( i n  PO)2 

2-10 

Straight  Line 

»4. 02376729  po-0-33047502 

10-30 

Straight  Line 

-  5.26683086  PO-°-44739151 

30-200 

Parabola 

In  Dp-  3.4743932  -  1.5451558  In  PO  +  0 . 16603774  (•  n  PO)  2 

200-500 

Straight  Line 

D+- 0.42904253  ?00' 15002989 

P 

500-4000 

Straight  Line 

D^ -0.52706705  p00, 11691892 

40  00-10000 

Straight  Line 

D^ -0.89097957  pO0>05362128 
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SUBROUTINE  PRESSI  LISTING 


S'JiJROL'T  I  iv P  PrtfcSM 
C.O'IMOM/Rl  T/!^! 

::c>'MONi/Ar/  10.  a  .  aa, b,br»  c, cc.po, yield 

l:  I  ‘'l\$  I  OiJ  KTNI'OC  6  ,10  )  ,Nrt  A\’GP  ( 10  )  ,*•’(  6,10) .  :2(6#  1  0  ) .  C3<  6  *10  ) >  V(  10  ) .  Cl 
1  <  6  .  1 0 ) 

0  A  T  A  C  < ! V J (l,J).J  =  l.Q)/l,l.l,2'1.2.1,l/ 
i)Ata(K!\l){2.J>.J  =  1i5)/1.1,2.2.L/ 
'1AtA(K!\l)(3»J)»j-1.8)/1,2»1«2>2»1»1»2/ 
jATA(K!MJ(4»j5.w=l»7)/l,1.2.?»t»2.1/ 

HATA(KI\J(b,^).^=l,2)/l,2/ 

■)ATAUIM;(A,J}..sl,6)/i,l,2.1»l.l/ 

‘ATAl'JRANGU  I  )  ,  *  7.?»b/ 

:  at  a  (  r  ( i ,  j  ) ,  jsi ,  ,o/2, .  l  s. ,  )b.  .  7s), .  ??o  - » 3  in  . ,  9no . ,  .  / 

’AT  A  {  P(  2  >  J  > ,  0  =  1 .  3  >/2.  ,  9 . 8 . 30  .  .  1*500  ,  ,  4000  .  / 

13A7A  IP(  3  .  J  > ,  J*1  ,  <i  >/?.  .  3.  .  30.  .  130,  ,30.) .  .500  ,  ,6000  .  / 

I  A  TA(f'(  4  .  J),  JU  ,  / )/?,  ,2?.  ,40.  .  113.  ,280.  .  1700,  ,5000.  / 

ATa  C  F»t  5»  *  J  > .  0=1,2)/?.  ,200./ 

L’  A  T  a  «  P  <  ('•  J) ,  JM  ,  a  >  >Z.  ,  10.  .  30.  *200.  ,500.  ,4  mi,/ 

iA  r  A  (C  M  l,o)»  isi.«)/.94i2/99c.  1  .18  28274,  •.  . T63/833,  -2.1696237,10.63 
1  W.’?,-  1.391.3442.  )H.49/33l,37.46864;i/ 

■' 'ATA(C1  (  2,  J) .  J=1  .3)/.  0/591036.  .1006766/,  -4.4409313.23.490011,  ,5l99 
191*55/ 

*ATA(C1<3,J),.;  =  1  .8  )/,li>5, -2. 34i5<JAl.  .35617458,  .34285702.-9.2697949 
l  ,  2  .  OJ406  6?.  ,  /b4  5<»693,66.  131064/ 

<  ATa(C.1(4,  J),j=1  ,  /)/.  2332121 9,  .44409683,6.8634444,-24.211087,1.389 
181 8 , l 9 . 986486, .00833424/ 

"Ata( C.  (3, J),j=l. 2)/. 02446384,. 141  68432/ 

OAl  a(C1<6, . 6 j/4. 02 57673,3.2668309,3.4743952, . 42904353, .52706 
1 / n  3 ,  .8909795// 

A  ?A(C  2(  I.  .0)  .0=  1  ,8)/-.  364  69880.-.  J  4275098.  -  .11757965,  1  .  0499078,  -  .  6 
lo 5*0648,1. 561 /45u.-. 801^4 185, -.85425206/ 

A  r  A  ('.2(2,  Jj.jsi  .3)/.  4  56 15  14  2,  .300  73985,  l.  575  72"  7  ,  -  6 . 1  3 1  2383 ,  -  .  1  2 1 
1 ’8683/ 

Ata(C2(3,J),j  =  1,8)/i. ,1.50  324  79, . 34  469537 42775009 , 3 . 7176161,  ,0 
1 5H 7  6394  ,  .  19398924 , -15 . 363012/ 

.'ATA(f.2f  4,  j),js  i,7)/.  34  «/4  251.  .  16931  99,-  3.  7469302.9  .  l^U  437,  .0554  9 
.1  113,-5.0049923,  .t>/0o/_9  ' 

'  A  T  a  ( (’  2  (  3  ,  J  ) ,  1  »2)/, 22  8^6899,-1. 0923  o  74/ 

0 A TA ( C2 ( 6, j),jsi, 6)/-. 33047502, -.44739151. -1.5451558, .15002909, .11 
169' 892. .03362128/ 

»ATA(C3(i,J)#J  =  l.A)/0. .0..0. ,-.15072543,0. , -. 161 50803 . 0 . *  0 , / 

0 ATA(C J (2. J),_  =  l ,5)/0. ,n. 1  3063 1 0  9 , . 37 362302,0./ 

OAT  A  (C3(  5.  J),..=  l  ,8  )/o.  .-.24087017,0.  ,  .10  820  815,  -  .  33  46  8  20 1 , 0  .  ,  0  .  ,  .  8 
18453218/ 

.UT A (C3( 4, J),J=1 , 7 )/0. ,n. . .497674 7Q, -.04839391, 0. . .33310964,0./ 
t  ATA(C3(3, j),J  =  i ,2)/Q. , .11203606/ 

C ATA(C3( 6, J), Jsi .6 )/Q. .0. , . 16603/74,0. .0 • .  0./ 
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SUBROUTINE  PRESSI  LISTING 


S'JUROUnwP.  PrJtS?! 

:.o-)mom/ri  r/T^i 

"O’MON/AV/  10, A . AA,B,UR»C*CC»P0. YIPLD 

0 !  I  O'J  KTM.M  6 .  1 J  ) ,  NrtAMGF  <10),i-’<6,10).:2(6»1.0>.C3<6,10)»V<10>,C1 

1 1  <s ,  1 0  ) 

I- 3  A  T  A  (  <  T  voc  l,J>,J=1.8)/t,l,l,2.1.2.1,l/ 

',ATA(K!\U(i,J>,Jsl,»)/1,2.1.2,2»l*l.2/ 
iATAlK!M0(4,J!.Jsl,7)/l.l,2,2,l,2,l/ 
l!ATA(KT.\J(o,v»),^  =  .l  ,2)/l,2/ 

■)4T41<  I  Mil  6,  J5 .  =3.  ,6>/i, 1.2, 1,1.1/ 

>ATA  (  'JRA^LC  I  3 .  ’  -  1 ,6  )/«  .5,8,  7.  ?,b/ 

A  T  A  l  P  (  l  ,  j  )  ,  jsi,  >\  )  /2.  »  I  5.  ,  5b.  »  75.  ,??0*  «  3  in.  ,9"Q.  .  ?  •]"  J.  / 

'ATa(P<2.  J>,jn,5)/?.  ,9.  #,30.  .  1*3.30,  ,4000./ 
f)ATA  (P(  3*  J  >  *  J  =  1  ,<*  >/2.  .  3.  *?J,  .  3G.  .  130,  .300  .  ,500  ,  ,6000./ 

!-A  f  A  (  r  (  4  ,  J)  ,  ju  ,  /  )  /  ?  ,  ,  2?.  ,  4  0  .  .  110  .  ,  280,  ,  17  00  .  ,  “3000  .  / 

ATA(P(5»J>.J  =  l./?>/2,  .200./ 
jaTa  (P(  f> ,  J) .  j  =  1,  o  ) /2.  .  10.  .30.  ,  20J.  .  500.  ,4-m,/ 

wATAl C  M  1  .„> »  J»t • « )/ .9412/99* ,  1  . 102R274, <  .  J  6  3  2  3  3  3  .  .  1696  237,1 0.63 

1  '/;•>?,-  1.591544,?. 58. 49/531, 57.46864.0/ 

.'A  TaClK  2.  J),J=1  .3)/,  0/39 1036,  .1006  766/,  -  4.4  409313.2  3.4  90011,  .5199 
19155/ 

»AT  A(  Cl'  J)  ,.  =1  <  5  J/,125,-2. 34  i5<3«i  ,  ,35607450.  .  34235702.-9.2697949 
1  >2.  004.160?  .  ,  /  5  4  3  6  9  3  >  6  rt  .  131004/ 

■  ATa(C1(4,J),j  =  1  .  /)/, 25521219.  .44409685, 6. 6634444, -24. 2 11087, l, 389 
1 H 1 8  s  1 9 . 906480, .0J«53424/ 

"ATA CC..C 9, J) ,js 1,2)/. 024 46584. .141 68432/ 

OAT  A  (C  1(  6,  J  ),  on.  6  )/4. 0237673. 5. 2668309. 3.47439  3?,  .42904  353,  ,52706 

1705..  8009795// 

:  ACC  2(  I  .,.1)  .  Jn  .  8  )/".  56  4  69  8  80,  -  .  :  427^098,  -  .11  75/9  65,  1  .  0499079, -.6 
lu 3*0648 . 1 .  361 7480. -.801 54 185, -.85425206/ 
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1  .38683/ 
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158/6594  ,  .  19590924, -15. 363012/ 

.'  ATA  (  C  2<  4,  j),  .1=1,7  )/.  348  74251.  .  16931  99,-  3.  74  69502 , 9  .  1<>1  j  457  ,  .0554  9 
.1 113# -5.0049923,  .0/80/190/ 

>  ATA  cr  2(2,  J),.in»  2  )/.  22826899, -1.0923874/ 

L'ATA  (  C2<  6,  j),jn.  6)/-.  33047502, -.44739151  .-1,5451558.  .  15002989,  .11 

1691892. . U536212H/ 

UATACC3C  1.  J)*Jsl»8)/0. .0. .0. , 1 50 72543 , 0 . , - . 1 6 1 50803 , 0 • *0,/ 

DATaC  C3(2. J)  ,^  =  1 ,5)/Q. »n. ,-,l  3063109, . 37362382 , 0 . / 

OAT  A<  t  3<  5,  J)  «  )/0.  •  -  •  2408/81  7. 0  .  .  .  10820815 33*6  8  20 1  ,  0  .  ,0  ,  ,  .8 
18453218/ 

i)ATA(C3(  4,  j) ,  J=l ,  7  )/Q.  ,0.  .  .49  76  74  70, -.84839391 , 0.  ,  .33310964,0./ 
0ATA(C3O,J),Jn.2)/0.  .  .11203606/ 

C ATACC3C6, J), Jsi,  6  )/0. .0.  .  .  1 6603 77 4 , 0 . , 0  .  .0./ 
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1FcPQ.ta.PP0)  GO  TO  13 
PPO*P 0 

IFCPO.Gt .2. . AND. PO.LE. 10000, )  GO  TO  11 
GO  -TO  16 
11  DO  2  K -  1 >b 
K=NRANGEC  K  )  - 1 
1=1 

H  I.  F  <  PO.GF.  .PCK.  I  ).  ANQ.PO.LI-.PU.  i+1  >  >  CO  TO  5 
IFCPO.GT -P(K# 1+1) )  GO  TO  6 
GO  TO  b 

6  IF C I .IT .N)  GO  TO  7 
1  =  1+1 

GO  TO  5 

7  1  =  1+1 
GO  TO  H 

5  IK !ND=< I \0(K» I ) 

GO  TOC  3, 4)  ,  JKINP 

3  = 

y  =  C  2  (  K  ,  !  ) 

V  <  K  )=A»PU»*R 
GO  TO  2 

4  A  =  C1(K,  I  ) 

B  =  0  2  C  K  »  T  ) 

<  =  C  3  C  K  i  I  I 

V  =  A+a#  Al.  OGC  PO  )+C  +  AuOGCPO)»ALOG(  PO  > 

V(  K)=F  xpc  Y  ) 

2  CO\T I NUf 

IF  (PO.GE  .  100-  )  GO  TO  14 
V ( 7  )  =  0  . 

V  (  b  )  s  0 , 0 

J  <  1  )  s  1 . 0  -  V  (  2  > 

GO  TO  IB 

14  V(  7  )  s  1  .  -V(  1.  )-V(2) 
lb  V  (  4 ) s V  (  4  )  *  1 0  . 

V  (  S )  =  V ( 5  ) *1000 . 

GO  TO  17 

lj  IF(YY.i.a.YlFLD)  GO  TO  9 

17  ro=V(6)«Y ItLD*+(l./3. ) 

YYsyIElD 

IF( IWRT.tQ.0J60  10  50 

wRITLC6. lB)YltLO»PO»TO.V(l),V< 3>  # V(2)*V(4) ,v( 7) ,V(b> 

18  FQ«M6T(7r-iOYIhLD=.tl5.8.3H  MT/22W  PEAK  OVERPRESSURE  .  P0=Elt> .  8  »  4M  PS  I 

1/23H  POS. PHASE  OURaTION#  lO=#tl5.8.5H  SEC . /22H00VERPRE.SSUWE  .  PC  T  )  =P0 
2tt  5bM( A  +  EXPC -AA»TAU>+B*EXPC-nu*TAU)+C»EXP(  -CC*TAU) ) »  ( 

31.-TAU)/VH0WHERF.  A  =  ,  E 15 . 8 , 4X .  4H  A  A  =  ,  E15 . 9/6Y .  3h  Qsfc  1 5 . 8 , 4X  ,  4H  0R=, 
4E15.8/6X.3H  C=»F.15.B,4X#4H  CG=  .  E 15  .  R/6X ,  9M  TAU=T/TO> 

50  CONTINUE 
A  =  V( 1 ) 

A  A  =  V  C  3  ) 

B  =  V{ 2 ) 

BB=V(4) 

C*V( 7  ) 

CC  =  V( 5  ) 
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RETURN 

ENTRY  PRtSS(OVERr,  T) 

I R ( T » IT . U  ,  )  GO  TO  10 
9  TAU=T/TO 
E=EXP(-TAU> 

0VL9PsPOk(  \Z(1)*(i-0{‘V(3)  )•*•'/ (2)*(F»*V(4)  )+V(7)*(E#»V(5)  )  )  *  ( 1  *  0~T  All ) 
RE  TURK' 

10  CVf.RPsQ.U 
RETURN 

16  WR!TE(6. 12) 

12  ►  0RMAT<  49H0PEA*  JVhRPR;  SSljHE  MOT  WITHIN  LIMITS  OR  EQUATIONS) 

RR TURN 

c  N'"' 


C.2  BURIED  ARCH  SHELTER  ANALYSIS  PROGRAM 


Since  we  are  dealing  with  a  single  degree-of-freedom  ideal¬ 
ization  of  structures,  the  major  difference  between  the  methods 
of  analysis  for  an  arch  and  a  rectangular  plate  is  in  the  means 
for  generating  resistance  functions.  In  the  case  of  RC  beams 
and  slabs  having  various  edge  conditions,  resistance  functions 
are  generally  known  and  well-documented.  For  these  types  of 
structures  a  complete,  all-inclusive  computational  procedure  is 
thus  capable  of  being  easily  programmed  as  describe*.'  in  the  pre¬ 
vious  section. 

In  the  case  of  buried  arches  the  situation  is  somewhat  dif¬ 
ferent,  Readily  usable  equations  describing  resistance  functions 
for  buried  arches  under  various  soil  conditions  do  not  exist  as 
such.  The  problem  of  the  behavior  of  various  soils  in  the  vicin¬ 
ity  of  a  buried  arch  is  not  well  understood,  It  is  therefore 
considerably  more  difficult  than  the  one  dealing  with  the  beha¬ 
vior  of  RC  slabs  at  grade.  However,  a  fairly  good  approximation 
to  the  arch  resistance  function  can  be  made  by  the  use  of  a 
nonlinear  finite  element  approach.  This  involves  modeling  the 
arch  as  well  as  a  portion  of  the  soil  media  surrounding  the  arch 
as  described  in  Chapter  Two  and  illustrated  in  Fig.  2.17,  The 
computer  program  (Ref.  24)  used  in  generating  resistance  functions 
for  buried  arch  shelters  is  an  existing  program  developed  at  IITRI 
and  is  generally  available,  therefore,  its  documentation  is  not 
included  in  this  report.  Instead  we  describe  how  the  program  was 
used  in  calculating  incipient  failure  pressures  for  buried  arch 
shelters . 

The  computer  program  mentioned  is  a  finite  element  program 
and  was  developed  for  the  purpose  of  analyzing  plane  structures 
in  the  elastic-plastic  range.  It  can  handle  bar  and  triangular 
plate  elements  so  that  it  is  applicable  to  trusses  and  to  the 
analysis  of  in-plane  stresses  in  reinforced  plates,  arches,  etc. 
The  material  behavior  is  assumed  to  be  isotropic.  The  user  has 
a  choice  of  3  stress-strain  laws  and  10  different  materials. 
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The  stress-strain  laws  ate:  Ramberg-Osgood ,  Goldberg-Richard , 
and  Bilinear. 

A  numerical  step-by-step  procedure  for  obtaining  solutions 
which  satisfy  the  requirements  of  the  incremental  theory  of  plas¬ 
ticity  for  materials  which  obey  the  Mises  yield  condition  and 
the  associated  flow  rule  is  used  in  the  program.  At  each  step 
in  the  solution  an  iterative  procedure  is  used  to  find  the  cor¬ 
rect  values  of  the  strain  increments.  Changes  in  plastic  strain 
are  accounted  for  by  the  addition  of  fictitious  plastic  forces 
to  the  actual  loading  on  the  structure  in  such  a  way  that  the 
deflections  of  the  structure  under  the  modified  loading  with 
elastic  behavior  assumed  are  equal  to  the  actual  ones.  A  mod¬ 
ified  form  of  the  computer  program  given  in  Ref.  58  is  used  to 
obtain  elastic  solutions. 

Once  the  resistance  function  is  obtained  using  the  computer 
program  described,  the  procedure  for  obtaining  the  incipient 
failure  overpressure  for  the  arch  shell  is  essentially  the  same 
as  that  used  in  connection  with  rectangular  structures  described 
in  Subsection  C.l  and  involves  using  the  same  subroutines.  The 
computational  procedure  is  as  described  in  Fig.  C.l  except  that 
failure  criteria  are  as  established  in  Chapter  Two  The  arch 
shell  analysis  program  used  is  not  included  in  this  report  be¬ 
cause  it  would  be  necessary  to  include  the  computer  program  of 
Ref.  24,  which  is  lengthy,  and  as  mentioned  earlier,  is  generally 
available.  The  reader  may  readily  assemble  the  package  from 
the  information  provided  herein  should  this  be  desirable. 
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APPENDIX  D 


SLAB  COEFFICIENTS 

Tables  which  list  coefficients  required  in  the  analysis  of 
RC  slabs  when  using  the  slab  analysis  computer  program  described 
and  documented  in  Appendix  C  are  presented.  These  tables  are  a 
modified  version  of  those  given  in  Ref.  13.  The  manner  in  which 
these  coefficients  are  used  in  solving  a  given  problem  is  described 
in  Chapter  Two,  input  format  is  provided  in  Appendix  C. 


328 


COEFFICIENTS  FOR  TWO-WAY  SLAB  FIXED  ON  FOUR  SIDES,  WITH  UNIFORM  LOAD 
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Note:  Blank  spaces  indicate  nonapplicability. 


COEFFICIENTS  FOR  TWO-WAY  SLAB  WITH  SIMPLE  SUPPORTS  ON  TWO  LONG  SIDES 
FIXED  SUPPORTS  ON  TWO  SHORT  SIDES  AND  UNIFORM  LOAD 
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Note:  Blank  spaces  indicate  nonapplicability. 


COEFFICIENTS  FOR  TWO-WAY  SLAB  WITH  SIMPLE  SUPPORTS  ON  FOUR  SIDES  AND  UNIFORM  LOAD 
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Note-.:  Blank  spaces  indicate  nonapplicability. 


COLUMN  SUPPORTED  SLAB  WITH  SQUARE  INTERIOR  UNIFORM  LOAD 


r 


i 


} 

| 


i 


r —  to — H 


■u 

c 

TO 

TOJ 

TO 

3 

O' 


TO 

U 

•rl 

a 

tn 

H 


K 


o 

T3 


Mj-  -TO-  >ro-  Mt 

iH  lO  vO  VD  VO 

vO  vO  vO  vO  nO 

00  00  00  00  00 

00  (X)  00  coco 

oo  oo  oo  oo  oo 

CM 

•  •  «  •  • 

•  •  •  •  • 

•  •  •  •  • 

a> 

o  o  o  o  o 

ooooo 

ooooo 

V.D  \D  VO  vD  kO 

<f  <t  vt  <t 

<t  <(■  <f  <t  <t 

rH  rH  r— 1  rH  rH 

rH  rH  rH  rH  rH 

rH  rH  rH  rH  rH 

rH 

a> 

ooooo 

ooooo 

ooooo 

<1- <r  O' <r  <r 

kO  vO  vO  'kD  VO 

iDlDvDlDlD 

in 

00  OO  00  00  00 

00  OO  00  00  00 

00  00  00  00  00 

CM 

a> 

ooooo 

ooooo 

ooooo 

TOTO'O'CTO 

<(■  <t  <t  vh 

<t  <t 

cn 

rH  pH  rH  rH  rH 

rH  rH  rH  rH  rH 

H  H  H  rl  rH 

rH 

a> 

ooooo 

OO  ooo 

ooooo 

a 

ooooo 

ooooo 

in  O  m  CM  O 

rH 

rH  rH  rH  rH  Cvl 

ooooo 

ooooo 

e 

ooooo 

ooooo 

CM 

CM  vO  TOO 

CM<t-lOOOO 

ca 

•M  <f  m  4  m 

-1 

ooooo 

ooooo 

CM  -J-  v£>  00  O 

-e. 

m)-  <t  -<t  o 

<1-  St  <f  <t  <f 

On  ON  ON  ON  On 

ON  ON  ON  ON  ON 

e 

co  cn  cn  co  m 

CM  CM  CM  CM  CM 

CM  CM  CM  CM  CM 

w 

OOOOO 

OO  OOO 

OOOOO 

!-i 

cn  cn  cn  cn  cn 

OOOOO 

OOOOO 

m  m  m  m  m 

m  m  m  m  m 

m  in  in  in  in 

ooooo 

ooooo 

OOOOO 

TO 

0  0  0  0  0 

in  o  m  o  in 

inomom 

\ 

O  i  I-1  CM  CM 

O  r— 1  rH  CN]  CM 

o  rH  rH  CN)  CH 

O 

T) 

ooooo 

ooooo 

ooooo 

' - - 

u 

o 

•rH 

•rl 

■U 

u 

w 

0) 

S,g  I 

cn  * 

TO 

TO 

i-M 

rH 

w 

Ph 

Note:  Blank  spaces  indicate  nonapplicability. 
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Note:  Blank  spaces  indicate  nonapplicability. 


APPENDIX  E 


DESCRIPTION  OF  TUMBLING  MAN  COMPUTER  PROGRAM 

The  tumbling  man  computer  program  computes  the  trajectory 
of  a  rigid  body  shelteree  model  (Figs.  5.1  through  5.3  )  located 
inside  a  shelter  (with  the  blast  doors  open)  and  establishes  the 
velocity  experienced  by  the  model  upon  impact  with  any  prescribed 
obstacle  (floor,  end  wall,  ceiling).  The  loadings  for  the  tum¬ 
bling  mass  model  are  characterized  by  the  lift,  drag  and  point 
of  application  distances  (L,D, ltL)  and  are,  in  general,  functions 
of  time  and  the  position  of  the  mass  center  of  gravity  (x,y,9). 

The  program  subroutines  (FORCE  and  INPUT)  define  the  loading  re¬ 
lated  quantities  for  one  particular  shelter  and  one  particular 
weapon  size.  These  subroutines  of  course  apply  to  any  assump¬ 
tions  used  in  developing  the  loading  (e.g,,  the  one-dimensionality 
of  the  flow  assumption)  .  The  program  has  been  written  with  enough 
generality  so  that  it  may  be  used  to  solve  other  problems  with 
different  force  loadings.  For  example,  should  a  more  refined 
two-dimensional  flow  field  be  developed,  one  would  only  have  to 
replace  the  FORCE  and  INPUT  subroutines;  the  remainder  of  the 
program  would  essentially  be  untouched. 

E.l  COMPUTER  PROGRAM  DESCRIPTION 

The  overall  computer  program  is  composed  of  16  program  rou¬ 
tines  which  may  be  grouped  into  the  following  5  categories: 


Routine(s)  Function 

Program  Name 

1.  Overall  coordinating 
of  major  program  steps 

MAIN 

2.  Definition  of  tumbling 
man  loading 

FORCE 

INPUT 

3.  Integration  of  governing 
equations  of  motion 

FUN,  FUN1,  FUN2,  FUN 3 ,  FUN4 , 
FUN5 ,  FUN6,  FUN7,  INTGVI ,  CRIT 

4.  Program  output  control 

PLOTS 

5.  Auxiliary  operations 

MAXVEC ,  SGN 
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A  flowchart  (Fig.  E.l)  gives  an  overall  view  of  the  computa¬ 
tional  process.  A  listing  of  the  subroutine,  a  description  of 
the  key  program  variable  involved,  and  a  description  of  the  basic 
program  input  format  are  provided.  The  input  required  by  the 
force  calculations  (called  by  subroutine  INPUT)  is  not  general  and 
is  to  be  regarded  as  special  input  needed  by  the  FORCE  subroutine 
only.  Input  descriptions  for  this  latter  data  will  therefore  not 
be  provided. 

E.2  MAIN  PROGRAM  INPUT 

The  input  cards  and  corresponding  format  required  for  the 
main  program  are  given  herein.  All  input  cards  relating  to  the 
particular  FORCE  and  INPUT  subroutine  are  normally  placed  directly 
behind  the  three  cards  specified  below. 


Card 

Columns 

Computer 

Variable 

Text  Variable 

Description 

1 

1-10 

H 

h  (ft) 

Appropriate  model  height 

corresponding  to  Figs, 
5.1,  5.2,  5.3 

11-20 

D1 

dl  (ft 

Distance  to  center  of 

gravity  (see.  Fig.  5  4) 

21-30 

FM 

m  (lb-sec2/ft) 

Man  mass 

31-40 

FI 

I  (lb-sec2-ft) 

Man  mass  moment  of  iner¬ 
tia  about  center  of 
gravity 

41-45 

NTP 

Number  of  integration 
time  intervals  if  no 
constraints  are  hit 
(must  be  less  than  200) 

46-55 

FMULT 

Multiplier  on  force  dur- 

ation  (where  the  force 
time  duration  is  sup¬ 
plied  though  the  call 
argument  of  user  supplied 
subroutine  INPUT (TFINE*DUR) . 
In  other  words  this  vari¬ 
able  controls  the  time 
range  of  integration  (TMAX) 
where  TMAX=FMULT*DUR 


Note:  TFINE  is  the  value  of  time  up  to  which  a  fine  time  integra¬ 
tion  is  used.  This  value  is  to  be  supplied  by  the  INPUT  subroutine 
call  argument. 
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1  - 10 

SI  Sj  (ft) 

Distance  to  center  of 
gravity  (see  appropriate 
Fig.  5,1,  5.2 ,  5  3) 

11-20 

S2  S2  (ft) 

Distance  to  center  of 
gravity  (see  appropriate 
Fig,  5.1  ,  5,2,  5,3) 

2 1  -  30 

TB  (sec) 

First  time  value  used  in 
argument  of  applied  forces 
for  the  determination  of 
loads  which  cause  incip¬ 
ient  motion  (usually 
taken  as  zero) 

>  1  -  ■*  5 

N1EE 

Number  of  iterations  used, 
to  determine  force  to 
cause  incipient  motion, 
(NZM\X-1  additional  times 
to  further  refine  the  in¬ 
cipient  starting  time. 
NZMAX  is  a  variable  pre¬ 
set  to  5 

■to  -  3"' 

FMU 

Coefficient  of  sliding 
friction  for  the  man's 
contact  points  with  the 
floor 

56-  bO 

1 P 1 V 

Switch  relating  to  the 

initial  position  config¬ 
uration,  For  the  initial 
position  of  standing  and 
sitting,  set  1PIV=3;  for 
the  prone  position  set 
IPIV=2 . 


1-10  XHMAX  x  „  (ft)  Distance  to  hard  con- 

TTlrl  V  ' 

straint  from  initial  po¬ 
sition  of  man  (e,g  ,  see 
appropriate  Fig  51, 
5.2,  5,3) 


11-20 

XHMIN 

Vtn  <ft) 

Same 

description 

as 

x  „ 
max 

21-30 

YHMAX 

^max  (fc> 

Same 

descript  ion 

as 

xmax 

31-40 

YHMIN 

^min  <£t) 

Same 

description 

as 

xmax 

All  Cards  Called 
by  Subroutine  INPJT 
are  Stacked  After  Card  3 
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START  OF  MAIN  PROGRAM 


Read  all  program  input  parameters 
except  those  relating  to  the 
tumbling  man  loading. 


Compute  initialization  parameters 
and  all  constants 
derivaHe  from  basic  input. 


►j  CALL  INPUT 
|  Read  all  loading 
j  related  input. 


Find  starting  tumbling  mode; 
Increment  time  (from  initial  time  "TB"  ! 
until  man  incipiently  starts  motion  j 
one  of  the  six  possible  modes  |* 

defined  in  Chapter  Five.  This  is 
accomplished  by  checking  the  signs  { 
(and  magnitudes)  of  the  reaction  forces 

FHl,FH2’FVl,FV2-  If  no  set  of  f,,rc,JS 
are  found  which  starts  man  in  motion;  i 

program  stops  and  prints  "NX=NTEE." 


CALL  FORCEI 


_ ,L - , 

CALL  INTGVI 

Integrate  equations  of  motion  for  itli 
mode;  i.e.,  successively  advance 
solution  one  time  step. 

At  the  end  of  each  time  step  CALL  CRIT 
will  1)  establish  whether  the  new  step 
has  advanced  the  solution  into  a  new 
mode,  2)  establish  whether  a  constraint 
(wall,  floor,  ceiling)  has  been  hit. 


The  program  continues  to  integrate 
until  a  constraint  has  been  reached  or 
the  time  range  of  integration  (TMAX= 
DUR*FMULT)  has  been  exceeded. 


CALL  PLOTS 

PRINT  and  PLOT  results 


CALL  FUN 

Determine,  through  examination 
of  reactions,  which  set  of  mode' 
I  differential  equations  apply  at1 
future  state  called  for  by  the 
Runge  Kutta  integration  scheme. 

»  Then  call  appropriate  set  of  i 
diiferential  equations. 


CALlI  CALL*!  (CALL*  1  CALL*  CALL*!  CALL"!  j  CALL* 
FUNl  I  FUN2  i  i  FUN3  '  FUN4  1  FUN5  FUN6  I  FUN1 


Each  routine  FUNI,I  =  1,.  .7  calls  subroutine 
FORCE  and  SGN. 


- ^ 


CALL  MAXVEC 


Find  max  trajectory  values  ! 


GO  to  A  for  new  problem  j 


END  of  MAIN  PROGRAM 


Fig.  E.l  TUMBLING  MAN  COMPUTER  PROGRAM  FLOW  CHART 
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E  ,  3  PROGRAM  OUTPUT 


The  first  portion  of  the  problem  output  is  an  echo  printout 
of  the  input  variables.  In  addition  to  these,  the  following  var¬ 
iables  are  printed  out: 

TMAX  ®  maximum  time  in  seconds  of  the  range  of 
integration. 

TFINE  =  the  time  value  in  seconds  up  to  which  a 
fine  time  integration  interval  is  used. 

For  example,  large  forces  change  rapidly 
during  the  shock  diffraction  phase,  thus 
TFINE  is  taken  as  t^  in  Fig.  5.7  The 
value  is  fed  to  theamain  program  through 
the  calling  argument  of  INPUT. 

TE  =  denoted  at  "time  range  for  start  cycle" 
on  printout  sheet.  This  value  is  the 
upper  time  value  to  which  the  search  for 
the  start  of  incipient  motion  is  made. 

Currently  this  value  is  set  equal  to 
TFINE  automatically  in  the  program. 

PHlD ,  PH2D  =  these  angles  refer  to  the  test  variables 

and  62  of  Fig.  5.4  and  are  measured 
in  degrees . 

Next  a  printout  of  the  starting  mode  number  and  incipient  forces 
FV1,  FV2 ,  FHl  (lbs)  are  printed  in  the  respective  order  listed 
(the  two  numbers  printed  below  these  four  numbers  may  be  dis¬ 
regarded)  . 

If  a  boundary  constraint  is  reached,  for  example,  if  x 
is  exceeded,  a  notation  reading  "XHMAX  EXCEEDED"  is  printed  out. 
Similar  printouts  appear  for  the  three  other  possible  constraints. 
Following  this  heading  the  corresponding  time  of  head  impact  (sec) 
and  coordinates  of  the  heat  at  time  of  impact  (ft)  are  printed. 

If  this  information  is  not  printed,  it  means  that  the  head  did 
not  hit  any  constraints  over  the  time  range  specified  by  TMAX. 

Next,  "NONDIMENS IONAL  VEL.  AND  DISP.  FACTORS  FOR  CASE  NPAGE" 
is  printed  out  where  NPAGE  is  the  problem  case  number.  Following 
this  is  a  list  of  the  factors  used  to  nondimens ionalize  the  ve¬ 
locity  and  displacement  plots  which  come  later.  The  horizontal 
head  velocity  trajectory  is  divided  by  VXTMAX;  the  vertical 
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head  velocity  is  divided  by  VYTMAX,  the  horizontal  head  displace 
ment  is  divided  by  UXTMAX,  and  the  vertical  head  displacement  is 
divided  by  UYTMAX . 


Finally  a  listing  of  important  trajectory  information  is 
given  headed  by  the  printout: 

T  UXF  UYF  UXT  UYT  VXT  VYT  VYF  VFT  VHZ  MD 

where : 


T 

UXF ,UYF 

UXT, UYT 

VXT ,VYT 
VYF 

FVT ,VHZ 
MD 


time  (sec) .  Note  that  the  first  time 
value  is  the  time  at  which  incipient 
motion  starts. 

Horizontal  and  vertical  coordinates 
(in  ft  of  the  point  B  in  Figs.  5.1 
and  5,3  (when  IPIV=3)  or  the  coordinates 
point  Bl  in  Fig.  5,2  (when  IPIV=2) . 

Horizontal  and  vertical  coordinates  (in 
ft)  of  the  point  T  in  Figs,  5.1,  5.2 
and  5,3. 

Horizontal  and  vertical  velocity  (in  fps) 
of  the  point  T  in  Figs.  5.1,  5.2  and  5.3. 

Vertical  velocity  (in  fps)  of  variable 
UYF. 

Vertical  and  horizontal  force  (in  lbs) 
of  the  applied  lift  and  drag  forces. 

integer  number  indicating  mode  of  motion 
(Nos.  1  through  7),  Mode  numbers  1 
through  6  are  defined  in  Fig.  5.5  and 
Mode  7  indicates  that  the  body  has  come 
to  rest  from  a  sliding  position. 


Finally  plots  of  the  type  shown  in  Figs,  5,17  and  5,18  are 
produced  which  show  the  trajectories  of  the  tumbling  man  This 
plotting  routine  is  a  special  program  (subroutine  ONE0LOT)  and 
is  obtainable  from  the  Westinghouse  Corporation.  The  plots  are 
not  essential  to  the  operation  of  the  program  or  the  interpreta 
tion  of  results;  thus,  the  call  for  these  routines  may  be 
physically  removed  from  the  deck  should  the  program  be  run  on 
some  other  computer  facility  that  does  not  possess  the  ONEPLOT 
option. 
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E.4  PROGRAM  LISTINGS  AND  DESCRIPTIONS 


The  li  stings  of  the  16  subroutines  which  comprise  the  tum¬ 
bling  man  program  are  presented.  Brief  descriptions  of  the  op¬ 
eration  of  each  subprogram  and  the  key  variables  involved  are 
given. 

E .5  MAIN  PROGRAM  LISTING 

The  purpose  of  the  main  program  is  to  control  the  overall 
logic  flow  for  the  problem  solution.  This  routine  reads  and 
writes  the  problem  input,  computes  the  starting  mode  and  calls 
the  integration  and  plotting  routines.  The  key  variables  for 
this  routine  are  the  input  variables  which  have  already  been 
described  in  detail  in  the  problem  input  discussion  given  earlier 
in  this  appendix. 
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r 

r.  Call  INPUT  F OP  ^iLAST  N'JuT.Nt 
Call  input  (tf  inf,du-') 
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I  NT  I L,  1  Z'i 


<c9\  » 


3l,S2#T«,  NTEF. .  NT  I 


I.FOPSWsD 

IS**C‘ 

IFSFT»j 
NPF  s6 
NT  I  s  'IT3 

|*m*ATA"  (Sl/L'l ) 

Ph^I'sPm,’  •ldn,/i,l^le'S 
P*-*2  =  ATA’-  i^/L'l  ) 

PH?Pspf4?*1.3P  .  /3 , 141  -iV 
Ml  s  SI  /  S  !  v!  I  H - .  1  ) 

rt?*S2/s!  ilW) 

03sm-oi 

XP(i)sj..j 
UlM°X  =  Vi  s/V'  . 

call  pr-  *r-  ( ,MJ m  .si.oi .  :■■.”,  -',oi  .ii  ,  s2.pt  pur  ,-t  mjr,i?elx*dei  -a  ) 

F  !  'IPs  ,  J»  'UR*F  r  J  JK 
1  .MAXs!J.J;>t>F  -i  i  !L  r 

H  ;"(■'!  I 

.,k  I  *h  (  •> ,  2i>  )  H,J1»  b  M,  F  I  ,  NrP  *  F^Ul.  T  »  3 1 ,  S2  *  TH»  NTE.F. »  NT  1 

2t  l-'o :•<■'■'. AT  t  vi!'»  7  7 

x  1.x  .  '  VIA  M  ‘!r.  I  ^  ll  =  '*•  16  .  // 

X  1  X,  '  MISTANCt  f'1  0,G,  ,Fj  (s.  V/ 

x  IX*  '"‘AN  '’AoS* ' 1 1*» ,  8// 

x  1  X  »  ’  i'i  A N  hOMF  J 1  OF  !  M&RT  f  A  s  •  F 1.  S  ,  A // 

y;  Pl'H  PO ; N rss » , » S/// 

x  1  X  I  '  T  !  KL  rt  A  *■■■’■  fc  'T'LTIH.Y  r  ACTOL'Ps  •  ,f:.ix  .H// 

y  1  X  «  •  r-T=  '  #Llh  .  <»// 

X  ?.x,  '52*'  ,Ll.8.tl// 

X  IX.'STAsI  T  I  'E  FOR  SjTaKT  CYCLF.s  •  .  £16  .  6// 

v  lx, 'NO.  OF  START  CYC-Lf  POl  NTS  *  •  *  l  V / 

X  IN,'  Mi),  or  TOTAL  INTUBATION  t  !  v,l.  STl-PS*'  , IS//  ) 

wm:TE<*»27> 

XlMAX,TF,PHiO.,PM20,Fl',U,TF  1  Nfc  •  OUR  •  i  P I V 

2  7  FO*MAT<  i  X/ 

X  IX,' TIML  WANGt  Oc  I‘\TuC-NATIC:'s' ,F16,m// 

X  1.X,  'TIME  RANGE  FOR  5’A’RT  CYCLE*  '  ,  EU  .  6// 

X  1X»  'PHIU*'  ,F_16,8// 

v  t>.,  'PH?D*‘  ,E16,R// 

X  IX.'COEF.OF  FKlCTlONs* ,tl6,H/// 

X  IX, 'TFImFs' .F16.8// 

X  lX.'INHJT  FORCE.  DURATION*' #E16. 8// 

X  T  X , ' I H I  V  IS  AN  INITIAL  ORIENTATION  CODE* ' *  I  3//// ) 

WRITE  (6, 741  )XH|-‘AX,XHMIN,  YHMAX»YHMlN 
741  FORMAT  (  i  X.  '  HORIZONTAL  DISPLACEMENT  MAX  POUND5 ' . Elo , 8// 

1  1X,»  HORIZONTAL  DISPLACEMENT  MIN  ? 0U*O5 ' , El6 , 8// 

1  IX,'  VERTICAL  DISPLACEMENT  MAX  BOUND* ' i El* t #// 

1  IX,'  VERTICAL  DISPLACEMENT  mjn  BOUND  *'»E16,8//////> 

FIND  STARTING  MODE,  AND  STARTING  Tjm£  Tq  ,  »*PaSS  HERE  ONCE 
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nrn  c~.  c~  <~  c'.  c~.  n  o 


NZMAX5S 

DO  200  NZ31*NZMAX 
DLL* *  TE-TW  )/FL0AT( NTEE ) 

TsTH-DLL 

D0  20  N'XSl# VTEfc 

T«T+0LL 

CALL  P0RCt(T,Sl.Dl.C.O,M,DilSl,S2»FT»HT#DfLi^eL!H} 
f-Vis(FM*CKV*S2-a)F.L+Ul)»'-  T  )  /  (  Sl+S?  ) -HT«(  s2+r»fc.LH )  /(  S1*S2  ) 
Fv2=Fm*GKV-PV1  -HI 
FH1=  -FT  *.'5 
DL1*FMU*F Vl-ABS(FHi) 

Ql2sFMU4.FV2-ABS(FH1  ) 

C  CHECK  L!f'  C  i«OD*1  > 

C 

IF  (F;Vl,I.T.U.O.  AND.KV2.LT.  0.0)  CO  TO  11 
C  SLIDE  0*  lock, 

I F  t  F  V 1 .  OE  •  ,  C  .  A OL) .  F  V2 . GL • 0 , 0 ) GO  TO  12 


C 

c 

c 

c 

c 

c 


NEXT  ,  t.  * p(  FVl  n.i  f\l?  IS  sF G,  DOT  SLIDE  + 

I F  l  F  V  1 , !,  r.  •'.'))  GO  To  Vj 
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IF(OLJ  .r.t»-;.D>  DO  T<:  1.7 
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00  TO  1 f 
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11  DC j  -  1 

IP=T 
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LOCKED,  T  hE  HE  P  OH  E  H0D=7,  CYCLE  TO  NEXT  TIME 
13  MOD5 7 
GO  TO  2D 

PIVOT  ON  fcN'J  42  .  0L2  PLUS  IMPYS  LOCK  SLIPE  0F  ^2 
1  b  IFC0L2.GE. J.U)  GO  10  16 
MOD'S 
TO5  T 

GO  TO  10 
16  MOD5  3 
TOsT 

GO  TO  10 


WOT  CASE 

LOCK 
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E . 5 , 1  Subroutines  FORCE  and  INPUT  Listings 

The  blast  loading  experienced  by  a  shelteree  is  estimated 
by  means  of  the  two  subroutines  discussed  herein.  The  first  of 
these,  INPUT,  reads  the  airblast  parameters  and  geometric  vari¬ 
ables  of  the  problem.  These  include  such  items  as  blast  wave 
pressure,  shock  pressure  in  the  shelter,  maximum  drag  and  lift 
area,  initial  position  and  area  of  the  shelteree,  etc.  Also 
read  are  complete  tables  of  the  average  and  maximum  jet  velocities 
at  seven  shelter  locations  (distances  from  the  entrance,  at  spe¬ 
cific  times  during  the  filling  process)  .  The  subroutine  com¬ 
putes  all  required  shock  parameters  and  initial  jet  values  such 
as  velocities  and  dynamic  pressures. 

The  second  subroutine,  FORCE,  performs  the  actual  load  cal¬ 
culations.  No  inputs  are  read  in  this  subroutine  and  it  communi¬ 
cates  with  the  subroutine  INPUT  via  block  common.  The  computa¬ 
tions  performed  by  subroutine  FORCE  are  those  outlined  in 
Chapter  Five  and  include  estimates  of  the  shock  diffraction  and 
drag  phase  loads.  The  latter  are  obtained  by  interpolation  in 
the  velocity  and  cavity  density  tables  for  the  appropriate  time 
and  position.  The  key  variables  appearing  in  the  calling  argu¬ 
ments  of  FORCE  and  INPUT  are  listed  as  follows: 


Text 

Computer  Variable  Variable 

Description 

(  T 

t 

Integration  time 

03 

XCG 

x(t) 

Horizontal  distance  to  man 

■U 

c 

center  of  gravity  (see  Fig. 

H 

<U 

E 

5.4) 

3 

00 

YCG 

y(t) 

Vertical  distance  to  man 

center  of  gravity  (see  Fig. 

5.4) 

pH 

ol 

TCG 

0(t) 

Angular  rotation  of  man  mass 

CJ 

(see  Fig.  5.4) 

w 

u 

H,D1,S1,S2 

h  ,d^  ,S ,82 

Dimensions  of  man  model 

PS 

o 

(see  Fig.  5,4) 

b 

FT  ,HT 

D,L 

Drag  and  lift  respectively 

DEL,DELH 

A, 6 

Points  of  application  of  drag 

\ 

and  lift  (see  Fig.  5.4) 
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INPUT  Call 
Arguments 


TFINE  Time  range  over  which  fine  time 

interval  intergratlon  applies. 

J  TFINE  was  taken  as  t<i  in  Fig. 

\  5.7  in  this  particular  sub¬ 

routine. 

DUR  Time  duration  over  which 

^  forces  act 

The  input  variables  read  by  the  subroutine  INPUT  are  given 
by: 

Computer  Variable  Description 


LVEL 

T  -  Load  based  on  maximum  velocity 

F  -  Load  based  on  average  velocity 

NTIME 

Number  of  time  data  points  for  load 
determination 

DPB 

Blast  wave  overpressure,  psi 

DPS 

Shock  overpressure  in  shelter 

UEO 

Entrance  velocity  at  t  *  0 

DIA 

Diameter  of  shelteree 

APR 

Projected  area  in  initial  position 

ALMAX 

Maximum  lift  area 

ADMAX 

Maximum  drag  area 

ADMIN 

Minimum  drag  area 

BE 

Half-width  of  entrance 

XXCO 

Initial  position  of  center  of  gravity 
to  entrance 

XP(I) 

Shelter  position  for  load  determination 

TT(I) 

Time  data  points  for  load  determination 

DC  (I) 

Chamber  densities  at  times  TT(I) 

UU(I,J) 

Average  jet  velocities  at  position  X(I) 
and  time  TT(J) 

UUM(I,J) 

Maximum  jet  velocities  at  position  X(I) 
and  time  TT(J) 
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SUUKO'JT^t  FORCE(  T#XCG*yCG#  TCG,h,Dl,Si»S2.FT,HlT.OEL»DELH) 
l 'WON  /AIKHI/  XP(  7>*TT(21) ,UC<?l>,V<7,2l ) ,  NT  I  ME  »  ,  APR.  BE . 

1  ALMAX'AQriAX,  ADMIN,  XXO.TJFT,  TRISE,  TOFU,!* JET »  QnF* 

COMMON/FOKSW/IFORSW 
COMMON  /ORIENT/  IOMNT 
TMETAsTCG 
SfGNAsjCb 

I F (  inPNT.fc(j,2)  SIGMA*5TGh4  +  l,b7079 
XX»XXO+-xCG/PE 
1F(T,LT. I DF  o )  GO  TO  <70 
lFCT.uT. V  JET  )  GO  10  425 
!F( T.GT. [T ( NT IPfc  )  )  GO  TO  4  9  7 
00  405  12=2*7 

IF(XX.GT*XP< 12)  )  GO  TO  4  05 
11=12-1 
GO  TO  41 U 
405  CONTIN'ji; 

!F<  XX.l,T.XP(  7)  )  GO  TO  <94 

41J  on  420  *2  s  ?  *  NT  IMF 

:P(T.GT,TT(K2) )  GO  ! 0  420 

M  =  iC?-t 

0xx  =  (  XX-XH(  I  1  )  )/( XP(  l?)-XP(  11 ) ) 

V 1  =  V  (  I  1 ,  K 1)  +D  XX  #  (  V  (  l  2 .  '<  1  )  -  </  <  1 1  *  <  l  >  ) 
w 2  =  V<  Il,iv2>+0XX*(V(  I2.-\2J-v(  ) 

Dir=(T-TU<l  J  )/(  TT(«*  )-T]  (xi  )) 

vv*vi*  u  r«( vz-vi ) 

nD=DC( si  >*')T T*iDC <*?>-.: it  i  i 

0  =  0 , 5  *  0  M  i*  V  v  «  V  v 
GO  TO  4 TO 
420  COMIMJE 

425  risipFM+t  T-TI)Hn*(GJF  I-  r'r  5  )  /  i  T  JL  T-TOFM  ) 

43(J  AO  =  AO'M  A  D  A  ><  -  A  ^  .'M  .N, )  »  5  1  \;(  $!  G^t-1 , 57079  }  **;' 

AL=ALwAX*i>IM(  2  .  »  J  I  G  "•  A  - .  1 4 1 5  9  ) 

P  T  = tt  A  ) 

N  T  a  fj  #  A 
GO  TO  470 
47M  MT=C. 

IFlT.LT.lRlSfc)  GO  tl.  a->i 
ODir.*N.MFR*ArMA ». /APR 

3s  ;PM+(T-TRIbb)«(  OD  ;G-i'P  '!)/(  TDFk-THISF) 

GO  TO  4  75 
472  Clsl*OP.i/TRI5b 
475  FT  =  0'#Apj 

49Q  ;iEL  =  C‘i/-?.- ji  T.'tT  a  )  +  t  &1-F2  1»S  T  (ThP^M/2. 

DEL-'aO. 

I  r  (  I F 0 W S a  *  N P  •  3  )  GO  T  U  c  1 2 1 

FPtt-iTsPr 
HPAoTs 

2121  CO JT I GuF 

HFTIi^.V 

495  F T  * F P  A  j,  r 
HT  =  tJP  4  ~  T 
I  F  OPS'.  =  1 
GO  TO  470 
499  FT=0.0 
MTsO  .  0 
GO  TO  4  9 -j 

end 
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SUb^OUT  I<\t.  1  KPijT  (  Tf*  I  NE  •  OUW  ) 

C0'<v'J\  /TRJOSW/  1  TRIG 

CC.^'0\  /alWRL/  XP(  7).TT(2X),DC(2l>*V(7,2l ) ,  NT!  MO  DPM,  APR,  PE. 

1  ALMA*.  ADv'AX,ADMIN,XXO,TjFT,T''?lSt.TDFR,QJF.T.'>'.?PR 

COMMON-  /OR I 0'  17  10PVT 
0  Iff: NS  1 0:4  UG<7»<>1  >  »lnJ'  <  7*2-1.) 

LOGICAL  LVEL 
PCii4.7 
OnsC.vO?.'''?6'4 
CQsl 170 
Gams!  .  4 
FMi)  =  fi , 

HL<»~  (  5  *  *5  U  1  )  LVOL,  v  i  1  ■  ■  i. » _>  P  % .  >  P  S  •  *J  1 0 
501  FORMAT  (L3»  1 5 1  M in,  i  > 

RE  J)  ( ■» ,  yjb )  o ;  «  ,  ap  ,  Ai_.« A >: ,  aoma  :< .  a !'/'•  i  *j  ,  s ^  ,  < x cG 0 
505  Format  c7li’).4) 

1 , 

1  .  *o,J*PR>/(  6  ,  +fM  ) 

•j; :  i . *. (r.R-i .  )/s  ^  r  c ; . »( i *pr  5  )*g 

t  ( 1. 1  +  ^ ,  »'—<)//, ) 

iF\  I.Umt.LF  ,')  b :'  t j  j 

:)j  =  i  m  ,  ■»  ( 1 ,  ;+•  ), 

!  Sr!  =  3  I  a  /  *i  j/  >.  , 

T>*-’3  A.  »  )  I  .  I  7  ■■<  ) 

G-;  r  J  •> 

3  ,_V  : s  1  4 4  ,  *l  pn+  V>s  )*(  •>.  .)/<  ft  .  *f'y  ) 

l.-I5E«3.  JO-JPOOl 

r  >->s,s  ,  / ,«,•  S 
h  0  3  m  T  I  '  Jr 


IFi  r  Mjo.fc  i. 

1)  GO 

) 

5,50^  ) 

<  X  1 '  (  I 

)» 1=1. 7) 

Rt  *">(  5. 5  j-5  ) 

( n  ( i 

1  1  1  3  1  1  OT  [  r.  ’/ 

v-.r.'l  5 , 30*?  ) 

(.0(1 

).  1=1,14 T  I  'c  5 

{  5  ,  ..'3  ) 

(  (  <U( 

’ ,J). 1=1,7), 

VI--  1  '  (  E  ,  S/J5  } 

(  T  *  vi )  i  1  =  l  •  7  ) 

1  TRIGS  i 

<>:.lsXx  .P 

ir  1  =  2,7 

I f- :  v  x r ; . r  ’  .  %ri  i ))  ,r  ro  H' 

.  .1  ;  'S  .11/  I  L  ,  :  )  +  t  .i-\M  u)  !  ,  1  )-/!!/(  L  •>(  I  )-*•(■>(  t  5  1 

ojjs'  jy 

I  f  (  L  '■  E  t  ■  ■ 1  T  (  t 

■  |WM=  .••  { ,1  >■*  (  *  (  _  >  )«*  ( !.")(  I  .  .1  u.  1 5  )  /  (  <i’(  '  .  -  XP'  L  5  ) 

XX  ,  / 

\j  V  / 

10  C(. '  r  I : .  r 

90  l\*r  *‘*V>  /  (  ♦./  •,*  ,  5*  i  ii.1.14  t.'v1  !i‘ )  ) 

<  T  '  :  ('  ,  u«'  i»  S 

Jw»'.T  =  '  .  l':' 

)C  3  '  ’  =1  .  - 

1)0  3  0  ;  -5  1  .  J  r  I  ••  iM. 

/  ( 2  *  J >  5 

iF/.Vc!,'  u(  I,J)sljj>H  T.J) 

3n  Cnonw. 

n-  I-\tsT  'K> 

:jur=ttv  ii!) 

<u.  I  UR/ 

u  ;.if} 
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E.5.2  Subroutine  INTGVI  Lis  tin] 


The  purpose  of  the  subroutine  INTGVI  Is  to  integrate  the 
governing  equations  of  motion  by  means  of  a  fourth  order  Runge- 
Kutta  integration  algorithm.  The  routine  is  capable  of  handling 
two  integration  regions.  In  the  first  (from  t  ■  TO  to  t  = TFINE) 
a  fine  integration  interval  is  used  where  NTIFIN  time  steps  are 
employed.  In  the  second  region  (from  t*  TFINE  to  t=TMAX)  a 
courser  interval  is  used  where  NTI-NTIFIN)  time  steps  are  em¬ 
ployed.  The  variable  NT I  refers  to  the  total  number  of  prescribed 
time  steps  in  the  overall  integration  process. 

The  call  arguments  for  INTGVI  are: 

Computer  Variable  Description 

TMAX  Maximum  time  range  of  integration 

TO  Starting  time  for  integration 

XOO(I) ,1=1 , . . .6  Vector  of  initial  conditions  for  integra¬ 

tion  variables 

NDE  Number  of  first  order  differential 

equations  (six  in  our  type  of  problem) 

NTI  Total  number  of  integration  time  steps 

CV(  )  Storage  vector  (not  used  here) 

TFINE, NTIFINE  (See  written  description  of  INTGVI  above) 

The  key  variable  in  the  routine  is  the  solution  at  each 
time  step  and  is  denoted  by  XNfJJ)  JJ=1,,,.6  where  the  following 
correspondence  can  be  made  between  the  text  notation  of  Chapter 
Five  and  the  XN(JJ)  variables: 

XN( 1)  =  xx 
XN(2)  =  x2 
XN(3)  =  x3 
XN(4)  =  x4 
XN(5)  =  x5 
XN(6)  =  x6 

The  two  important  subroutines  that  communicate  with  INTGVI 
are  FUN  and  CRIT  which  are  described  in  the  next  set  of  listings. 
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o  o 


SlWROlJTTNh  INTr,Vl(TMAX»TO.XOO»\DE,MTI  ,C\j,  fF I *E . MT I F l N > 


MUNGE-KUTTa  4Tm  'J^GER  INJEGKAT  1  '"M  PROCESS 
COMMOf>!/INf  S->/  Id'- 

U I I'iENS [ ON  xCv lb ) t  XN( lb ) . XGQf lb)  #CV( ?Q  )  »P  X3 ( 
XPK4(  lb)  ,XIH?  f(  lb)  ,  X025T  ( lb  )  .  XC3ST<  lb  ) 


3) #PK2(15) .PK3< lb)  # 


r 


c 


c 

C 

L 


C 


C 


SE1  INITIAL  VALUES  P  OH  T»  A'*  A'  D  F  •<  1 

ip  (vjt ip !«\. ti.oj  Gr  ro  v 

m  =  (TFI  \!r  -  7  0  )  /  Pl-"’AT  (  -T  TP  !L) 

GO  TO  11 

1 Hs  t  TI'IAX-  1  0  )  /p  IOA  T  (  :>!T  1  ) 

11  l)‘.J  ?  K  s  1 1  ?'iOP 
>  X- )sXr»'J(K  ) 
r  =  r:> 

0 a «.t  t* •  j t •  i  ro,xro,FK3  * c  1 


O  X03bT(  •„  'sP  a.*  (  «  XO(  > 

r?,T«  ^  ♦  - 

CAwt.  f>j  l  IjST.MjSI  ,  P  <4  *  C  V  ) 

00  X  JJsl.VU: 

/,  X'-  (  vJj  )  s  XO(Jw')*  H*  (  F<  1  (  Jv' )  *•?  •  *P  k  J  J  )  *  i>.  *PK.3(  JJ)+P*I<A  (  Jj)  ) /6  • 
SF!  Mf*  II>.f  I  vCWEfyEiviT  F O' P  EXT  STfcf  J  3r.!Tlo* 

I p* c  vrlc  T.v.fc';.1; )  go  r0  1? 

1  F  (  O  •  Gfc.  •  ’<:T  I  p  I  J)  Hr(  T.4AX-  TF  r  F  )/  L^At  ( '  T  !  ’  ’  F  !  v  ) 

12  T  s  T  3 ST 

Sri  ,m[-a  ;auoL  FO*  Ml  ccP  'PVT  $TM  p  sri  Tio 

LA WL  Fjn  C  I  ,y.'i|PKl,wV  ) 

P'K  1  lr>  .VI) *  X f  I ! )  0  T 

Call  C»iHx<,XJ,FKi.CV.T) 

IF(  IS*  .f  ).l)  GO  Tf  14 

GO  O'X  T”  LALCi'w/-  TF  '-EXT  T I  *'f  STTP  I \  SOLuTl-Lv 

l  COmTINJF 

14  RETURN 

E\U 
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E.3.3  Subroutine  FUN  Listing 

The  purpose  of  the  FUN  subroutine  (in  conjunction  with  sub¬ 
routines  FUNl,  FUN2,  FUN3,  FUN4 ,  FUN5 ,  FUN6 ,  and  FUN7)  is  to 
decide  which  of  the  six  sets  of  equations  (given  in  Chapter  Five) 
is  applicable,  and  then  to  compute  the  right-hand  side  of  the 
appropriate  set  (for  prescribed  values  of  x-^ ,  x2 ,  x^ ,  ,  x^ 

and  Xg) .  The  right-hand  side  of  the  set  (actually  the  first 
derivatives  of  x^,  X2 ,  x^ ,  x^ ,  x^ ,  x^)  are  used  in  various  places 
in  the  tumbling  man  program,  in  particular  in  INTGVI  and  CRIT. 

i\  test  is  made  at  the  beginning  of  the  program  to  see  what 
the  previous  mode  of  motion  was  in  the  last  time  step.  Based  on 
this  fact,  certain  invalid  modes  are  ruled  out  for  the  next  step. 
For  example,  we  can  pass  from  mode  3  to  mode  1  but  not  from 
mode  1  to  mode  3.  The  latter  combination  would  involve  impact¬ 
ing  a  constraint.  The  program  cannot  proceed  beyond  the  first 
contact  with  a  surface  and  would  automatically  stop  integrating 
upon  reaching  the  constraint.  The  FUN  calling  arguments  are' 


Computer  Variable 


Description 


T 

X(J)  ,J-1,.  .  .6 
FON(J) ,J-1, . . .6 


FON(J) , J=7 , ...  12 


G(K)  ,K=1 ,20 


Dummy  integration  time 

Correspond  to  text  variables  x^(t),  X2(t) 

x^(t)  ,  x^(t),  x^(t),  x6(t)  evaluated  at  t=T 

Corresponds  to  right-hand  side  of  the  ap¬ 
propriate  set  of  mode  equations  of  Chapter 
Five,  Eqs .  (5.3)  through  (5.8) 

The  locations  of  FON  from  7  to  12  are 
stored  as  a  storage  vector  for  transferring 
the  following  values: 

FON ( 7 )  =  Fyl,  F0N(8)  =  FHl 

F0N(9)  =  Fy2,  F0N(10)=  Fh2 

F0N( 11) =  xb2,  F0N(12)=  xb1 

Storage  vector  (not  used) 
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SUBROUTINE  FUN(T,X,FON.G> 

COylvtO.Vj/XHA.'3T/XP(  15 ) 

DIMENSION*  X ( 1 5  >  * F OiM ( 1 5 )  * G (  20  ) 

COMMON  /•*0:E/MQf),NL»T0 

CO-mhOim/DAT  T/FIhP,H,01,D2,  FM.FI TP#  I  MULT  .OFLOiSt  #S2,  TR  .NTEc  ,  NT  I  ,  T* 
XAX,TE,Pui.nn2»m.P2.03.GKV,F  11'.  IP IV 
C 

C  SET  PSQ^fc*  HrtANCw  *##*« 

c 

call  FG'’Ct  ( T  ,  X (  3 ) »  X (  b )  #  >: ( 1 )  •  1.33  . Sl,S?,FT  ,  mT  , ?cL , o&LH  ) 

GO  TO  (*.  *ic»3.4fbt6.7)(  MOD 
C  lOOIC  PRO1'  STATE  M0P  =  1  •  *«»• 

L  CAlL  rUNl<F0lM4X.T) 

C  tNP  '*130*1  lOGIC  ***»» 

KL  I  IMV 

0 

C  LOGIC  FA-JN  state  f'J0*2  **##« 

c 

0  CAuL  cl  *2  •  P'ji'i.  A  i  T  ) 

UXCOOT«FOA(3) 

s(;  =  <,r,\.'  "XCL).-n  ) 

r  V'j.sPO  •'(  7  ) 

F  \.'2st:3'i( iV  1 

1  F  ;  F  7 1 . 0  I  .  0 , 0  ,  A \’IJ  .  K  V 2 «  v  .  L  ,  •*  )  Go  ro  -0 
I  F  <  r '/ .1 ,  !_i- .  ,  J  ,  gj) ,  f  ,‘2 .  Ll  •  2 . 0  )  S 0  TC  !*1 
I F  v  F  V  i «  l t  *  J  •  )>G0  TO  i»? 
i r  ( uxco'i  i «  u>c  4 ) ,  •;  r .  '.i,  r ) go  r o  •«  4 

IF  (  5G0F 'U-»F  n  .  LlV-'T  )  uu  TO 

call  fum &o\ , x » r ' 

'•»?.  Ti'triy 

Hfi  I  r  (  UXLOP  r  »XJ  u  )  .  GT  .  " .  0  )  * c. T u  -  ■« 

IC(  PSttF-'U*  (F  *-c  V?  )  ,LT.F  r  )P’iTj«N 
C  A  J_  FiJ‘  /(F').v,  S,  I  5 
rnRo 

c  f’k?  i.'>r,LitM  '-;rH  return  hc 

■e  1  r.  (1  |_L  r  j  \  1  i  r  '  »  \  *  I  ) 

Rt  7  u  ^'! 

><?  I  F  ( •  I.XCD  ^  I  *  xn  C  4  ;  ,  DT  ,  0 . 0  )GO  Tf*  F*> 
iFtstt«F"j*Ftf<6,ur.Fr  )  go  to  jb 

UA_L  F'o*-i3(  FC  v,  x»  T  ) 

RE  pjWM 

•»b  Call  Fu‘-'3 *  f  /M ,  x  *  T  ) 

RE  T'JR\ 

•‘U  CA_L  Fov6  0-'?N,  x#  T  ) 

RE.  1  Li  K  i\i 

w 

C.  C.LO  LOGIC  F  '*OM  000  =  2  ***** 

c 
c 

C  LOGIC  F ^ U 1 1  STATE  M0n«3  *** 

c 

3  CALL  F UV'3 1  Ff,  M  •  X  ,  T  ) 

EV2sFqN(9) 

Fh2*F0\( 1 J ) 

I* (FV2.Gl .3.3JSO  TO  9n 
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0 

c 

c 


c 

c 

c 

r 


c 


L 

r 

V 

C 

L 

C 


C 

C 

L 


0 

/ 

C 

c 

c 

r 


CmuL  c,jM«FOfJiX.T) 

Kfc  t’  -?\! 

9n  I  r  ( F  H?  .  rT  .  -F  •  111  *  f-"  V  2  .  AND  .FXL' ,  L  T  *  F '•■[)'*  f\>2  ) 

XPKTuP:', 


-?Ln.'Kv  '  90  HJ\i  =  PiJ.v3 

C^uL  p:.’  5leCN.X.T> 

PL.  1  UP  '! 


b\0  L 0  j  \  v  CP0  1  -100  =  3  #*»* 
LOGIC  FROi*';  STATl  MOO  =  4  »**# 


•1  CAUL  F  i-,*iU'Cv,  X,  1) 
r  vl«FCU(  n 
Fh  j,  s  F  0  \  ( i  ) 

IF(  p'Vl  .  f,1  .  l.UJGC  TO  9? 
C  ..u1,  FiJ"  *  l  F  jiM  i  X  •  T  ) 

PL  P'P-I 


9?  lF(-FM.j*r  Vj.  .uT.FFl.AlsO.FHl  ,  i.  r  ,  F  U*R'l) 

•<PL  '  JiiN 

PL  l'"PM  A  ,  12  1 1  PlYS  Kl'PsK-  j'1 

C  4  u  I  >■  i  J '  o  (  F  0  \  i  \  i  T  ) 


5 


9F 


Pc.  I  UP"-.' 

t\u  LOG  I  w  P"POM  .<00*4  #•** 
L.  OlilC  FUv'’'1  ’0)5*  * 


CALL  Ft1-  5<  F  ”V.  >' »  T  ) 

I-  yl'/>-F\) ) 

F  r<2sF(K-(  lb  ) 

J\-,P0T  =  ;  OM  !  1  ) 

so-r.cA(  v.^:ot> 

if  •  j.o  >uo  To  95 

call  r /' itFfLviix.  d 
>ib  liMv 

’.F(  <P(  i  ‘  iT.GT  .0.0)XF 

u*Pv?,Lr.Fr 

PFruP’i  >5  I  XL.  FlJNsFu-XS 


w  A  j_  |_  -  i  '  ■-  r.  •! «  \  i  I  ) 

PL- 1 

r.  mC  LC'.'-N  *- P'JY  400  =  5  #**# 

I 

UOCIC  F v 0 vi  -100  =  6  #•** 

F  Cx\Lt-  F;A6(  FO'\.X»T) 
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r  r  r  r  n  o  r. 


KV1«P0N(7) 

FV2sF0Nj(  « > 

U01XDTaF0N(l2) 

SGsSGM(lWlXI)T) 

1FIFV1 .  r. T  •  u . 0  ) G 0  TO  9f 
CALL  Fjvi(FON»X,T) 

MF-n  UMf  • 

$6  IF  l  XP(  l?)*unVDT.PT.0.0)Ht.1*;WN 
IF  ( !SG*F"L#FV1 » LT  « FT  >«bT 

06  r-;PLYS  FJf-  sFO"'  0 

0 A !_ L  F'ij'  «.  I  FO\t i  X  ,  T  > 

UWM 

L.V,'  LOGIC  c'J0'i  MOD**  «<*«* 


L  LOilC  F0'.l>  '.'’a? 

C 

7  C/>uL  F-  ..!•  VC-  ' .'4,  <,  T) 
H  F  1 1 : 4  ?s 
C 

C  t  !•;  ; 

c 

t\3 


LOGIC  ■;  i  'ion s ; 


E.5.4  Subroutines  FUNl  through  FUN7  Listings 


This  group  of  seven  subroutines  computes  the  right-hand 
side  of  Eqs.  (5.3)  through  (5.8)(i.e.,  FON(J) ,J-1,12)  given  the 
values  X(K),K-1,6  at  time  T.  The  calling  arguments  of  a  typical 
subroutine  in  this  group  are: 


Computer  Variable 
T 

X(K) ,K-1 ,6 

FON(J) ,  J-l ,12 
G(I), 1-1,20 


Description 

Dummy  variable  for  time 

Corresponds  to  text  variables  x^(t),  X2(t), 
Xg(t),  x^(t)  ,  x^Ct),  Xg(t)  evaluated  at  t-T 
(See  description  for  FUN  subroutine) 

Storage  vector  (not  used) 


Subroutine  FUNl  corresponds  to  the  right  side  of  Eq.  (5.3)’ 
FUN2  to  Eq.  (5.4);  FUN3  to  Eq.  (5.5);  FUN4  to  Eq.  (5.6):  FUN5 
to  Eq.  (5.7);  FUN6  to  Eq.  (5.8);  and  FUN7  is  a  routine  which  is 
employed  if  the  man  comes  to  rest  (it  has  no  text  equation  corre¬ 
spondence)  which  simply  states  that  all  future  velocities 
are  zero. 


iil'Ji'OUT  TMr-  7) 

O^/'iATr/c  ».  ■ 1  p , H , ; , l , 0 ^ ,FJ , 


TP,  ri0LT,->£!.C.S1  .  S2 ,  T«  *  MTEE. -MT I  ,T" 


vax,  TE, P-1  «P-  \i,  ipi  v 

0  t  ■it NS  I  "i  v  F  (  '■) )  ,  X  (  i  '-> ) 

CAUL  FWcC  »:<(  i),X(5),V(l),  ,Sl,S?,5:T.nT,')P|  ,  DtL*M 

M):  \(  d  ) 


^  i  « <  r> ^  T  «  DE  t. 1 1 )  ✓  F-  1 

MJ)s  X  (  4  > 

P<4)*F-T  /<-' 

f  (  5  >  *  X  (  6  J 

p<6)=  -:.;Rv  +-ir/p>; 

RF  r.'H\ 
t'vIL 


SUUROUT !  ut  f  U  \'c(  F,  A ,  T  ) 

COK^ON/OA  I  T  /F  I  mp  ,  H,  D1 ,  D2  #  F  ;1 ,  F I ,  ‘•TP,  I  M'JlT,  LAfL  C#  Si  ,  S2 ,  T(j,  \'TEE,  NT  1 , 71' 
XAX,TE,Ph1»P‘12iR1,R2,D3,GHV,f*U,  IF  I  V 
ClxENSICN  F(X5),X(15) 

call  PoRCE(r,x(3),x(5), ,Si,s?,rr,^T,Dti.,nELH) 

HQSrlT»JFLH 
F<1  )*0«0 


P(2)»0.0 

P«3)*XC4 ) 
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F  VI a  (  (  F*-’<*L  *V-HT  )»(S2“F'vivl*Dl*SGN(  X(  4  )  )  )-<  Ft^EL+HD  )  )/(Sl+S2  > 
F V2=^Mtt  * VI  -HI 

M  4  )  •  (  r  1  -*-vj#FVi*SGM(XC4)>-  FMU«FV2»SGM(X(  4  >  )  }/FM 
K(5)*C.C 
F  (  6  )  =  C  .  ■" 

F  (  7  )  *  F»-i 
r  (  y  i  s  e 
HF-  T  !K\ 

END 


bUEFPUT  I  \t  f  iAjiF  ,  f  ) 

CC’’  ‘'0  j/’'4T  ’  /  F  I  !’iP i  h *  r  1 1  f' S » F  *  i  F  1  >  T F1 »  I  'iUL T  » f.  E  L  2  •  Si  •  Sc »  Ju  *  T  F #  NT  I  »  1 
x AX  ,  ^  S  » P-l  •  P'-2  •  *'  1 .  R? » L'7 .  -..kV  ,  f>  U ,  !  P 1  V 
’.-I.  F:  \j:;  I  -rN  •-  ( l«?  ) ,  X(  1*? } 

Call  foplf.ct,  <(  M.HSi.mi  ,5i,s?,ri  ,1<t  ,  <)r=i. .  rr.LH ) 

H  '5hT  <•  1}  f  L 
P  =  r^.yll) 

:jF>sr*  !\(  .-■  ) 

r.t-'s  r.)F(  •  ) 

►  ( )  =  •.(•') 

r  (.')-(  P  T  «  ( .’f.L  +  L'/*CF  >*nl  -  (Fr-ar^V-uf  )»p-4tS;’  )  ,  (  f  1 ) 

F  O  )  =  a  ( •■• ; 

F'(-;)s  v,#LF’tF  (2)+  *?»*(/  )*>(X)»'-F 

f  ( v )  =  >. ;  f- ) 

r(i)l:  » t-  {  ,  i  «  p  :  -•<  7  *  X  l  ?  )  °  x  (  ?  )  » f -r 

C  F  (  I  S  F  V  V  *'  •  L  >  l  L  )  -  r  H  < 

'-(/)=  f  *<  v;»R  -  w  <  i  j«F(  t  )*■  p  )  -<it 

f(  )*F(l.)»Sr  )  -ft 

■<F  fl'Hi  • 


Si!*.4^0'.<T  t,  t  F  L  4  (  r  ,  ,  1  : 

CJ-  H  /'  A  ;  I /I  !■  '5.F  ,1-!,  ■  IF .  I  mi  .j.  T ,  •'r,  0  #  5i  .  Sc ,  TP ,  ■>  TF  K ,  f»  T  I  ,  r 

V  A  V  ,  ’  F.  i  F i  >  1  •  P >■< 4  » ti  J  i 1 ' <r’  i  iJ .*  i  >4  v  i  F  i.  i  ?  P  I  v 
1 1  -FcS  I'  •  ■  <  lb  )  ,  A(  IF  ) 

HTsF’nJ  +  V  (  1  J 

LAi„  L  F  v  j »  Lt-ll,X(3)»A(3/,\(l  ),»-<!  31*5l,S?#FTt""T#  .ti_»LCLF4) 

-iij  =  p  *  p  r 
UF  I  sC0b(r'l  ) 
bFf  sS!  > 

F  (  1  5  =  X  (  7  ) 

M/)s(FT  •  (  L't.L+Wl«CP  I  )+H0  ♦(F,'*GSV-H1  )*r,i*5P7  )  /  (  r  I  ♦PV.*F1#  ■<  i. ) 

(  .3  )  =  x  (  4  ) 

f ( 4 )sf c? j*r4i *CFn 
F  l  b  >  =  X  (  *  ) 

F(6)*-F(2)*K1«SPT  -Pl»X(iJ}#y(?)«CPT 

L  F  ( 7  )rF\/j  aM'  F(»))sFHj 

F(  7)tF  T#(  -F(2)«P1*SPT-R1*F  (  U*F  ( 1  )*CPT>  ♦F'i«GPV 
F  (  ti )  =FM*l  M  2  )*m*CPT-Pl*F  <  1  >  *F  c  1  )  *SP T  >  -FT 

F;F  ri.'He 
be  J 
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SlIdROUT  I  'Jfc  P«jNb(F»X»T) 

CO  •'tMQf-'/ h  A  T  T/F!MP*H*f)l#Oi?»Fvl|FI 


,  ;vTP»  IMULt*PFi  °i  Si  *  S2»TBi  MTEF#  f'IT! »  T' 


XAX»TE#PPl*FH2iai  #R2.U3.fiWV.FMU»  I  PI  V 
L>MF\'SlO'i  F(15).X(1!5) 

C  all  FO«CL(  T .  X(  3  > .  X(  b  > . N  ( 1 ) » H»01 .  SI,  S? » PT . U*T #  PEL  *  DbLrl ) 
HDsHT*O^Lh 
Hj.'-iaHT/F-'S 
p  s  PHZ-xl 1 ) 

SPaSlN(P) 

CPsPO'i  (  -  ) 

J 0xH2s  yl  a  )-i<2«X(2  )*CP 
r(l)sxP) 
r  </>>  =  <  FT  *OEL 
X*C  :,»3G\,(  L 
X  ) 


+rtl)  +  FM«  C (  ?  '  *  X l '?  > «OP  +  Ov\Y '-P'- 

1  2  )*FHU  -K?*GP  >  >  /  <  F  T  -FM#a2«HP«Si»*  (  CP»S6N<  ;jrAr>2  )  *'• 


)*( 

s .  .  •  r; 


f-  ( -3  '  s  /.  (  a  ; 

H^):.,!?»xr.')n(2)  *CP  <  V  5 

F  ( .t )  s  y  (  a.  )  . 

r  (  ,  )  s  ( !  t  (  UOX.-2  )  »*•  v.  J <  F?"*F  (  fr  )  >GW  V  *F  *<  -*<T  )  )  XF  -*t 

p  (  -i  )  sC..;a  l  H  {  n  J  +  C  07  )  -HT 

f  (  j  fi )  : ij'v  l '  >  *■■  -• )  « F  'i«ir  >»r  (  n  )  ♦FH*,«;?V*k""t  J 

f  ( it  )s.jrx-2 


KEKN  v 
fcMO 


O'.  T  :  st  K,  \ f>  l  F  »  a  #  1  ) 

CO  *1M0'> /'  r. 1[ /*-  I  *; ,  P  ,  "  1  •  u-/  *  F'  >F1,  TF  , 
X  A  X  •  T  F  » i  1 »  P  •  2 1  -<  1.  *  f«  i  •  L  3  *  '•  P  V  ,  r  v.!  i ,  !  P  I  V 
Or  ,F  J!-  :  *)'M  F  C 1  ri )  ,  X(  in  ) 

Call  F(IWU  (  i  .  <(  J  J ,  •«.(  t>5  .  XI  j  J  .  Si 


■•‘I  Si.  ■  ,  ’it- 1.  0  4  V  »  $2  •  TO  t  ‘  1 1 L  i  N T  I  •  T 

$<  #r  r,  i-,  Fi  .  .=a  •< ) 


-T's  #(_•,£  (.>' 

Hr;  ■  S  >1  I  /  r  ' 

P  rst-'HI  4<  X  i  1  ) 

*iF  ’  Sbl  ) 

cr  r=C'?'(f 1  j 

oTj  sS:A  -f  >.  c  i )  v  2 )  *’’1  I J 
^  (  i  ) 

F  <  >.*  }S  ;  FT  «;jl.L+HO  +  F,r*  (  -XI  2  >*«2  *Fl'»CPf  +  C'  M  '*  (  «(.'JT  ♦**. 

X-  ■■.}  )*»’.'  )/(P!+  Ffi«P3  •  <1*C>PT*(  CPT*SI>1  ^SPaF''.'.  )) 

t  (  ‘j  )  =  ,<  l  a  } 

P  ( fs )  s-x(  2  >  *x  I  2  J  *Rl»FpT  -F  (  2  )  *^l*SPT 
F  ( .5  J  s  x  C  <1  ) 

F  (  h  )  s  (  FT  -&G*FHU*  (  F  N«F  l  6  )  +F ; c V  —  *T  5  J/F.’i 


t  ■* 


F  (  7  )  =  Fv  l  u  '  t  -  F  l  W  )  s  F  H  l  A  lx  j  F  (  h  1  s 

F  (  ?  )sF-i*lF  (6  )+GUV)  -HT 

t  (  y  )  s-bG*F  lu*  (  F  ‘-1#F  (  6  }+FN*tiR''-HT  j 

F(l?)=  x  C  ^  )-X(  2  5  •t<l»SPT 

KLTl.^'M 

ENO 
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SUbHOCT  I'Mt  <rJN)7(F,XiT) 
D  I  *i  F  \  ~  I  V*  F  (  i  o  )  »  X  ( 1 !?  ) 

f  <  i )  * : . " 
f  </ji=0.r 

f  ( .< )  s : .  •> 

F  C  a  )  s  .J , 

F<b  Js;,. 

f  (  a  >  *  ? . ' 

HF.Tt  W. 
fc'-J  ’C 


E.5.5  Subroutine  CRIT  Listing 

The  subroutine  CRIT  is  called  at  the  end  of  each  time  step 
in  the  integration  process.  The  routine  checks  the  reactions 
(using  the  past  mode  equations)  to  determine  if  a  transition 
from  one  mode  to  another  has  taken  place.  Also  the  trajectory 
coordinates  of  the  center  of  gravity  are  converted  into  head 
trajectory  coordinates  to  determine  whether  a  constraint  (floor, 
ceiling,  wall)  has  been  exceeded.  If  a  constraint  is  reached, 
the  problem  stops  integrating  and  returns  to  the  main  program 
for  the  execution  of  the  print  and  plotting  routines. 

The  calling  arguments  of  CRIT  are 


Computer  Variable 


Description 


XN(K) ,K*1 , , .  .6 

XO(K) ,K*1 ,6 
XNDOT(K) ,K*1,6 


CV(J) ,J"1,20 
T 


Advanced  time  step  solution  for  the  un¬ 
knowns  x,  (t+At)  ,  where  x^...x^  are  the 
differential  equations  unknown 

Vector  of  initial  conditions  corresponding 
to  x1...x6 

Advanced  time  step  solution  for  velocities 
dx^(t+At)  dxg(t+At) 

Jt  •**  It 
Storage  vector  (not  used) 

Integration  time  at  t+At 
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c 

c 

c 


(. 

I 


c 

c 


c 

c 


c 

f  ‘ 


0 

c 


SUfc390UT !  -Nje  CKIT(XN,XO,XNUQT,CV.T) 

COHMOM/mCO'//N'OOI£(200) 

C(Wv!0FVXPA'iT/'<PC15) 

0 J  MENS I n\  XN ( 15 ) . X0( 15  > . X^OOT  < 15)# 

XCV(20 ) »eJN\( 15) 

COMMON/. I  NTS'./  !Sw 

COMMOK/nOl-'jOS/XHHAX,  XHMIN.  YMMAX, YhMIN 

COMMON  /V.GJF/.IIQ.NL.TO 

Cy  .--Or  /hk  ..T/Ux"'(?[)0),uYb(2f>a)..JXT(20C).UYT<2r30>#VXT(?00)#  vYT(/nC) 
y  *0(20  0 )  ,UX-'L(20a)»,.<#YBL(200)  »f?Or*C(2r)0  ) 

X  ,  u  YF  '  2  2 “  J  #  j  *  F  (  <  "'r) )  ,  V YF  (  200  ) ,  VXF  (  200  ) ,  FGPc,y<  203  ) 

CO.-ryiv/MATT/F  I  YP.H.{)1,D?»FM,F  I  #  *.iTP»  I  ML'LT#  f'EL  0*  Sl#52.Tfi#NTEE»fJTl ,  T  v 
V  A  X  ,  T  E  ,  Pf.'l » -2  •  jj  ,  ?2.  03  .  GRV  ,  F  'll) ,  I  P  I  V 

w  I  Tw  .*iQ  tIMF  A  T  T  *PF  L  T  ,  >*  TP  W  *  I  NF. 


^  „  T  V  0 n-  '.,St  PKKV  I 

o  L’ To  CO  ri  T Fr.wr.cP 

Call  P  OpCL  .  T  ,  .<  ,0> ,  ,..\(  5)  ,  1 )  ,  ►-,n  ,  SI,  32, FT,  MT.Dtu,  DFIK) 

GO  TC)  (  t .  K  ,  ,  «  ,  0,  ,  7  ) ,  r>v  >U 

LOGIC  r s’A'i  a  .csj  »«•« 


tj  0 

TO  0 

=  1  r  -  pl  i  *:c 

■">  r  : 

r* r  J  ■  j 

log  a 

■  -  CO  Si 

ST  A 

•„»  T 

n  G  1 

- 

r  ' 

' 

S  /• 

CAuL  f 

•#r  21 

r 

v’-v  1 1 

# 

I ) 

ijxc; 

:iOT 

=  >  ,( 

~4 

) 

3  G  * 

'  'V 

<  i  •  X  c 

r  i  ) 

F  V  1 

=  F  1. 

■J  C  7 

; 

fcVi 

:F  _ 

;  <  Y 

) 

l !'  ( 

F  VI 

A  i#  !  • 

j 

•  -L  •  «• 

»iy  # 

FV2.01 

.  0 , M 

:e( 

is/1 

•  L  J*  • 

J 

a  -  a  n 

'  bJ  • 

F  ,0 

?.Lf 

.c,0 

If  (. 

r\'s 

•  • 

. ..  r 

'•0 

ro 

«2 

I  F  ( 

oxc 

n  *  * 

• 

-'  (  A  ) 

.gt 

.0, 

,0)0 

0  TO 

1  f-  i  NG*F  ./i  ,l  I  .FT  ) GO  TO 


>  G 0  To  o 

)(,-'•  TO 


ye, 

h  C 


;‘C 


V  .  )  • 

IF‘U,XCL,'II*xP(«>.GT.?.3)G0 
IFCSli*Fvj*(Fvi  +  FV2>,lT.F'T 


*10 


7 


go  To  y 


Tc.  r, 

>c.0  TO 


YOU = 2  JYPLIEU  at  nu 


»1  M00«1 

GO  TO  n 

>>?  IF  (  OaCOO  r»xP(  4  )  ,GT,0. 0  )G0  TO  *5 
IF  <SG*F-'iU*r  v/2.1.7  .FT  )GQ  t0  05 

YOU  a  3 
GO  TO  h 
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r.  r.  r  c  r  r  r  r  n  r:  nrrrr  r  r  o  n  r  r  o  o 


65  ,^0Js5 
GO  TO  b 

a  ^  !’1odb6 

GC  TO  6 
■ 

END  LOGIC  HOC  *2  ***** 

STA'<T  L^GIC  MOM  MCi?  =  3  **** 

3  CALL  FUMil  KUMivI,  XiM,  T  ) 

F  V  2  s  *"  U  L  \*  (  9  ) 

F  H^sFU  'iN  l  1  ii  ) 

IFCFWZ.cr.O.J >GG  TO  90 

*0D»1 

GO  TO  b 

90  I  F  (  FHZ  .  r  1  .  -i--|  )*F  V.?  .  A  NO  .FH2.LT.  F"  J*FV?  ) 
XGQ  TO  (t 


90  IFiPl.y'j  > iOf’s  i 

400*5 

GO  TO 

tivO  L  C  G  I  0  F  d'1 1 

01., s  3»*** 

ST  a°T  LOGIC  FK'J.- 

••'Of  »*** 

Call  f  . i ■ ; a  i  f i  i , v f\i ,  < 
F V  1  =Fl!\:  (  /  i 
FhisF.'V  (  ’• ) 

1  ) 

iFi^vj ,r r .o.ojgo 

■d  9  r 

GO  T  ;  H 

92  IF  (  -F  Mn*F  V  _  ,  L .  Ml  .  'W  .  FHT  ,  1  .  F  ■  ij*F'v  j.  j 
V*»0  T 0  <! 

92  !v-PLvS  •'  =  « 

*0u  =  6 

GO  TO  b 

END  LOGIC  F:<CN  N00s4 

STA«t  j_ ' 1 G  i  C  FHOr-1  NOOs 5 

5  LAuL  FI.1' 5(F  .'\N#XN#  T) 

F  v'2spL's  •'  l  9  ) 

Fh2rFu\  v  1  : 

UXr?0TsrL'  (11) 

SGsSG‘‘(  X52M>. 

IF ( FV2 . G  T • " . 0 ) G 0  TO  95 
,v'Ci.' s  1 
GO  TO  * 

95  IFtX^ll  )*'.jXtf20T,GT, 0.0)60  TO  6 
IF(SG*Cv'J*i:'/2«LT.FT  )  GC  TO  d 

95  I'1FLvS  MCD*5 
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c 

"100*3 
GO  TO  » 
r 

C  END  LOGIC  F30M  fyiOD*5  *•** 

C 

C  START  U-CIC  FHQM  MOD*t  *•*# 

C 

*  CALL  FiJ  ^  t  ■.  j  >\|  Nl  *  X N  *  T  ) 

F  visF’D'v  \(  t ) 

F  v^sFijf,'  (  y  ) 

'JdjLXDT s~'jX  UXZ) 

SG«SUN(i.iylAOT  ) 

I  F  c  F  y  1  .r,r».-:.fj)(,0  TO  9t. 

“*00  =  1 
GO  TO  H 

9^  IF(X^*(  1?)*  j  51X0T  .U  .0.  J)CO  to  m 

l^(S(;*Fv,j*rv:.LT.r  r  >go  tc  .’i 

c 

C  7*  IIFoVj  'jsn 

C 

G ■'>  rfj  h 


c 

C  bTttVT  •' G  I L  =  P(/i  If/  s y 

w 

Go  TO  4 


C  fer  0  LOGIC  h'^'  i  '*00  =/ 

C 

«  C;o<  .  T  I  Mi  JF 

C  «m»«  CONFUTE  Jlar’LAC,  A./’  VElOCI^c., 


IrCf:L.NF-1  >G3  TO  9 

(. 

C  L 0 A !.  1.41  T  I  A L  ^wLUbb 

0 

IF(IPlv.ur.3)GC  TO  7il 

OYF ( 1 )  5  0 . u 

L/F( j >351 
>.  vF(  1  )sn,[) 

7  X  f  (1)50.0 
y  r  c i ) sh 

J/T{  1)5^1 

■;vv(  1 ) -n .  u 

l:<  sl  (  i  )  *  c  ,  c 

OY jL{1  )s0*0 
T<’  (  1  )  SJO 

v/.r<i)*n»u 
VYT(1)«0.0 
GO  TO  722 
7?  1  UYF(l)sn.U 
UXF(l)*f).U 
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C'C'C' 


122 


M Yf  (l)s'J.t 
VXF(1>*0.0 
UYT(l)*ri 
UXT( 1 ) s?l+S? 
U>«(  DfJ.C 
liktf<l>*sl+S2 
LXbL^.>  =  rJ*0 
0Y6L<1 

V  X 1  U  )  *  *'  •  J 
M YT(l?a-.  .’J 
COMT  I  f  O' 

C*LL  f-OC-ttdf;* 
r  TO 

r(MCV(l)sHlTO 


Sl.Cl.CJ.O.H,!' 1  ,S1,S2.FTT0»PTT'' 


D&LQt^LHO) 


M:1'  L+l 
CQfvT  1  iv^jf 
smsSIM  jfNi  i ) > 

CnsCCS (  vM  1  )  ) 

•Jb?.y  =  X\(  3  >  -r  i«S'  ■*'  2*Cf 
tjiUY  =  XU(  b  ♦Sl*,jK 

s x ’ 1  (  0  ?  ••' > i  * C  *■ }■  ^  S' 

!jl:  1  T  sy  A  ■*  J  -  'i  1  «Cr"«  >  i'  ( <r  > ♦  '>1 ' S  v!*  ^ i" t  2  ) 

'JH fc\l>Ts>  f<  l  *:  )  +  «Xfv(  7  )  “Si.  2  ) 

ijv. 3 X s x i  (  J  ■'  *  3*bi- 
UoiYsX  vifij  ?+'  i*CiNi 
•j!  jy  D t  s y '  A  .. )  •» I'  3  * Cf1  *  * ••  {  i  ) 

L"iJYUT«v'  U  i-  ‘3*Sf  •/■'•C2) 

U^«X!Xk  (  3  < 

ub4Ysy\(i  J-M*CA 
Uh«XCTsx •  .1  'i  (  >  > 

i;l‘.  4YD7  s / '  C  *,  )+Ql*5N*XM  c  ) 

TI'isT 

ObbY=  X*'  (  ; -ai«Ci, 

x’  i.  i 

'jbo’X*  Xb  l  3  ; +j;2«Ctv 
UbftYs  /*  l  5 

uB^xL'l s  V  '■- l  <t  3  *  "  '  t-  (  2  3 

ObbY^Tsyvt A )+Sl*CK»  N(2) 

LiMAXQTsXfA.  4  )-S2*5!v*  ’  M2  ) 
yfc:<  YUTsyf'  1  A  >-S2»0*>>M  2  ) 


LQfO  o B  J f.  T  VtCU'H 


12  CCNTPvVjF 

IF(IPW.UJ.3HiO  TO  7*3 

bXb(WL)s'jr.2X 
UYtSCML  JSwt  2V 
UXT(N'_  3  =>JB3Y 
UVT  C  Mu  >  *  -"33Y 
vx  r  c  nl  3  s  jbjxu  r 
VYT('«L)=^',3iYPT 
uxbLr-JU3s'J3ix 
yYjjLlf^ )  sbijlY 

’u’xfcnlmj*4* 

UYRNL)»'J*',y 
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r  c' 


VXP  ( ML)«U*4X0T 

VY'-  '<  \L)*U*4Yl>T 

Ts(  L.)sriivt 
GO  to  7?4 
723  UXtU\L)=UW2X 

UYb<ML  )=Up;.!Y 

U>  T  ( 'JL  )sU3'*X 
w  Y  T  f-  \L)sU HyV 
VXT  <  NI):U^j!>OT 
VYT  l  Ml  )sLbhV!;T 
JX-L.  (  4L)5G''.-1x 
UY.<l  t  yL  )  s'- ilY 
jyt  < 

UVr  (  Ml,  )  = : JO  1 Y 
v  X •*  (  \'L  )=■  1  v  0 T 

VYr  (  4L  ;  rO~:  YuT 

r  :•■•(•  l  )  s n  •j! 

72*.  CO  II  -.:' 

YIOJE  (  v!.  )-'■ 

Cm.  I,  -  C-Ct  (  T  I  V,  y^j(  i  )  ,  >;,(  b  j ,  v  ,(  i. ) ,  h,oi ,  si ,  S2  *rT  r  ’  'S  r  1 .4 ,  O'*  l  T  0 ,  Of  LO 
XT':; 

(■  :v<r  c  ml  >*r  tt  i 
E;?.,Cv'(  TTIr 

ML.sML  +  1 

c 

C  l)P  Jf,  r?  f '  A  s  r  ;rO.YM<  C'F  > 

0 

go  4:2.i.  jxsi.if 

42;  XP(y*.OsyN(JX) 


0 


c 

c 

c 


\  c  C  1  1  < 


"R-TWC!. 


•j;.  42:J  jk * 7 »  i  J. 

422  XP<  J<  )  sCijOLt  o-C  ) 

h'.vs  L (3 J*’ ►  0 t *•  i  C*  • 

•  M  J  s  '  u. "  X 

1  r-  ( oxt  {  'j  j  .  '-v , , . • , , a  /  ;  oo  r  t;  93 

I T  (  L1  X  T  (  w  /  ,  _ L  •  /  •  •  I  \  )  (» ( 1  TO  ^ 

12  C I  VI  ("j!  h  ,  » r  LAX  )  GO  re  7  3 

ip  (!iyt( mw’  .  -i  .  yhi'M-m)  go  re;  94 

G'J  T  O  fi  G 

If  r-  !Tr.((i,  /  J 

/C  KOWf’aT  i 4  •  s«4r>,Hi'iAX  fc.XGv.tDt  ■'•***'// J 

Uf,  t  1  yi 

42  w r I T  2  t  a , t i ) 

71  FOM-'AT  (  iA  »  ’  <*«**, Hhl  M  tvf.f-fcDH#***//) 

(it.  T  ()  1,-1 

72  F0WM4T(1X» '»#*YHMAX  tXCfctDED#*#'// > 

GG  TO  in 

54  w'F  I  Tfc  (  6  »  7-  5 

73  '***YHriM  t  XCF.tOt  ’  /  /  ) 

103  ISwrl 

\TPsf.v 

Wk  I  Th(  6, 7  4  )TM  t.TP) ,  |;>.Tr  TO  ) ,  UY  T  ( .» TP ) ,  VXT(  vyP  J ,  vvT(.\,TP) 

74  F(MVAT(iX.  ,TIi'-L  OF  2&.D  I  OkiCT*  •  ,  E 16  ,  R  /  / 
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n  C' 


1  jx*  ^-'ORIZONTAL  head  DISPLACEMENTS*  ,E1(S, 8// 

1  J.X#  'VERTICAL  HFAU  DISPLACEMENT*  ’  .E16.B// 

1  IX.  HORIZONTAL  mead  VELOCITY*' ,E16. 8// 

1.  IX. 'VERTICAL  HEAD  VELOCITY*' . El  6 . R/  /  ) 

GO  TO  6 S 
tb  HETl'PN 
END 


E.5.6  Subroutine  PLOTS  Listing 

After  the  solution  is  completed,  the  PLOTS  subroutine  is 
called  by  the  MAIN  program  for  the  purpose  of  printing  and 
plotting  the  final  results.  Upon  completion  of  this  routine, 
the  program  begins  a  new  problem.  All  output  variables  to  be 
•plotted  are  transferred  to  PLOTS  through  common  block  "PRNT." 

It  should  be  noted  that  routines  PDVICE,  PLOGXY,  ONEPLT  and 
PLOT3  are  special  library  routines  available  by  the  Westinghouse 
Computer  Facilities;  these  listings  are  therefore  omitted  since 
they  are  not  available  to  us. 


SUrjPOUTTNit  P’wOlo 

T / I P  S  h T 

CD'IM'J.--  /'•' AGE  v/'-V  A  GE 
CP  qn  /  -o.iy/  iC..:k.  (  ?0(  ) 

L) I  ’F  N'j  I  r  \  C T  f  L  <  1  b  ) » •'.  T  I  Tut (  3  ) .  X T  I  TI  E  (  b  ) ,  vT  j  n  5  <  b  )  #C  TTXl  30  ) . 
XATI7L<(  7  )  'XT  IT).  (  3) .  Y7  !  T  X  U  ) 

D  A  ’  A  !  PL*s'  f  \f 


C 

C 

c 

c 

c 

c 


IPLSK  7.G  1  IMPuYS  .jO  StCDMj  PLOT  ,  -  j  '»L  yS  SECOND  PLOT 

D  I  'lE  NS  I  p\  X<20G,  A).^(?,j'1.4),\PN7SC4) 

Data  IxyS/*oj/ 

CO  J  /PH  'jT/ijxt-j  (  20 1-1 )  ,  jYb  (  200  ),UXT(?Jn  )  ,ijVT(20D  ) .  vXT<  200  ) »  VYT  (  ?i.’D  ) 
X.  7/(200  )  *tXPL<2no),'-YnL(200),F0PC(20O  ) 

X  »u  YF  C  2?n  )  »  C.XP  ( <;uo  )  ,  VYF  ;  ?C0  ) .  vXF  (  20C  )  »  FDRC  V  (  ?rc  J 
GO  /vO  J/OAl  7  /ej.-:P#Hi,;i.'Ji'#FMfFI  ,  ME ,  I  MUlt  .  r-ELO .  Si  .  S2 ,  TB « MTE  E  ,  NT  I ,  TM 
XAX,TE,P^l»PH2i^l.P2.D?.GPV,FMU,  I P I  V 


#«»*#»*»«##*##•»*# 

.■jSCNs  +  l  POIMS  CONNECTED 

.ViSGf‘s-1  POINTS  JNCU'NECTtO 

data  nsgn/-i/».\sgw+i/ 
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o  <r  c' 


C 

c; 

r 


NPAGEsNJpAOfc+l 

IFiE  T  =  1 

UO'Pl  jOsl,>'7P 

61  TMX*TM<jU> 


OETF.’5^ INF.  WQNJl-i,  P4CTO.<rj  PLCTS 

CAi_l  Vi  a  v  y  i  c,  c ./XT  ..\i^,uxt-ax ) 

CA|_L  "Ayvtc^  jv  T  #  '•TP.  lvt  ax5 

CA,.L  1AVVtL(  V>  r  ,-\,TP.  VXT^AX  ) 

CAwL  «AXV/k  CC  .  YfV'.TP,  V VT  iX) 
ijY  AX  =  AYA  x*  C  XT  I'  AX  »  UVTM(1  A  J 
vr  aXsanax:  <  v’XT.'.ax.  vYir-«> ) 


UXT  "Axs'.'M.  a 
vYTv4>.s'  ■'*’•<•>. 

VX  r^Axawr -a 
V  Y  T  y  A  <  s  '.•  .*  A  >• 

W  m  T  E  (  6  ,  /  /  :  )  V  P  A  c.  t .  V  X  IT  - . .  X  .  V  Y  T  X  .  u  X  T '  •  A  Y  .  - J  Y  T  -I v 
77  j  Ff  ^iv  A  T  ( ;  X  .  /  /  / 1 X  .  ’  »***!  D  Jur  ’IpNS  l  ('NAu  V  P  U  •  AND  j!ou*  FACTORS  P  Pr 

XCA 'jP  1  «  I  ?//  l '  *  //  l  /  *  *  '  >  ■’"  i. X s  •  ,  tl  0  i  6// 

x  1.  X  .  *  -'VTi  .AX  8  ’  •  El*  •  ft// 

x  i/,*  X”  A;«XS  •  rtlfc.U// 

X  IX.  ,i/YT/-AXs»  »tl6i9///> 


*RITFC6,lU; 

10  FCPvAT(-»X,1  •  .fTilX’l/Xr'^HY*  \  YF*0>'X*  f  ■  'XT  *  V  • 
X  '  r  h  X  .  *  V  Y  P  '  .  C  H-  X  »  *  F  V  T  '  » f)  *? s  »  '^Z'  *  *  X  *  '  >iO  '  /  ) 


■jwt  ’  C6x» '  vxt  '  n*y  * '  vyt 


it  PCrtYAT ( ix* ir<t if  .‘‘i r. x ) .  ix.  1 1 ) 

WH  I  Tfc  (  6  .  m  (  T  >  ( '■  )  ,  UXF  (  '• )  ,  l.  YF  <  M  )  .UXT  (  M  ) , HYT  (  v  ) , 
XVYF  (  M  )  .  FOR  CV  ( M  )  »F(  KC(  f' )  ,  T”l/.'F  (  MI ,  K=l,  'JTP  ) 


V\'Y<'),VYT(M), 


HHsF 

I F  (  I P  !  V  .  .3  l^nsbl+Fi' 
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CALL  PDvl^Ml) 
CAlL  PL(1Gx*('J»S) 
CALL  CNFPL’IX.V. 


1  y  YS  i  2  i  NPM  S»  CTTl*  1?  t  AT  I  TLE  •  1  7 
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E.5.7  Subroutine  MAXVEC  Listing 

The  routine  MAXVEC  simply  searches  a  vector,  Y(I)  ,Y“1, . .  .NE, 
for  its  largest  value  and  returns  the  maximum  value  YMAX. 

E.5.8  Function  SGN  Listing 

The  subfunction  SGN  examines  the  sign  of  its  argument,  XDUM, 
and  returns  a  +1,  0,  -1  depending  on  the  respective  sign  of  XDUM. 
A  zero  is  returned  if  YDUM~0. 


Suyr.QUT  !  \C.  A  W  0  C  <  Y  ,  ,  Yf-  Ax  5 

JIi-.tNM'*.  v<v-'-  ) 

Y-  l  <  (  i  )  ) 

DC  1 

Y!-  AW-'-lYf*  :  > 

\f  {  Yi'l/'V  .  Ot  .  v  *  Aa?-  )  Y  Xf’s  YKAX 
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Yf  X  S  Y  -  X 

I  K  (  V  / /■  x  ,  t  ‘ • r  .  YMAX  si  .  0 

(<F„TUHi 

f-.ND 


f  CiCTjo* 
iPCYDr:  n 

1  yc  .i  «-i . 

WE  7i.N0 

2  s$\  -c . 
wr-  nwo 

3  SO J  s+3 , 
f.'tTl  ^ 
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